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Abstract 
 
 
Investigation of the Microstructure and Mechanical Properties in Additive Manufactured 
Inconel 718 by Direct Metal Laser Sintering (DMLS) System  
Bryton L. Farber 
Mitra L. Taheri, PhD 
 
 
Additive Manufacturing (AM) has evolved since its inception around the 1970s. This 
type of manufacturing essentially builds a part by fusing material powder with the use of 
a laser or electron beam. Certain processing parameters, such as the scanning speed of the 
laser, the overlap rate of melt tracks and the incremental layer height control the final 
structure of the part and thus their mechanical properties. Prototype and single use parts 
were at the forefront of use for AM, however, in recent years the technology has 
developed to take the next step into production parts for use in real-world applications. 
One common material used for high temperature and corrosive environments is Inconel 
718. This material is a nickel-based alloy typically used in different areas of the 
aerospace and energy industries.  The mechanical properties of Inconel 718 produced 
through AM methods have proven to not match those produced through conventional 
means. Since these processed are new to the manufacturing world, it is important to 
understand where the loss in properties come from but also, and perhaps more 
importantly, how to make improvements.    
 
In this study, standard processing methods were implemented and their effects examined 
from changes of microstructure to mechanical properties. Generally, a textured columnar 
microstructure (of varying sizes) developed from the building process. A typical solution 
and aging treatment used for wrought Inconel 718 produced a non-normal precipitate 
xiv	  
structure which led to high mechanical strengths. By way of Hot Isostatic Pressing, the 
microstructure under goes a reecrystallization process, altering some of the properties 
including texture and , with it  the elastic modulus for the better, while other properties 
such as hardness and yield strength were diminished.        
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 Chapter 1: Introduction 
 
1.1: Project Motivation 
 
Additive manufacturing (AM) is nearing the forefront of modern technology as a next 
generation technique for manufacturing components. It has been developed as a prototype 
and small-scale process for a decade or so and is now aiming to make the transition to 
full-scale production of valid parts. Although there is this shift toward serviceable parts, 
comprehensive knowledge of each system is lacking and it is this knowledge that is 
required to push AM ahead of traditional methods, such as casting. Each additive 
manufacturing process in itself is unique, producing different properties by changing the 
working parameters and characteristics of the machine. Materials that currently have a 
high usage, such as nickel-based alloys, steels and titanium alloys, are of greater interest 
to develop for use in AM.  One such material in particular that is widely used across 
many industries is Inconel 718, a nickel-based alloy. This particular alloy is used in both 
wrought and as-cast conditions, depending on operating conditions, and can be formed as 
a single crystal or a polycrystalline material.[1]  
 
The purpose of this study is to investigate the structural integrity of Inconel 718 
manufactured by an additive manufacturing route. Producing some of the characteristics 
of this material through conventional methods, such as forging, requires added time and 
energy, even before the parts can be manufactured through subtractive methods. This 
study is tailored to eliminating these steps by using some of the same standard practices 
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typically used on Inconel 718. This would allow parts to be made directly in the desired 
shape, saving valuable time and energy needed to first create a desired property, 
manufacture it, then possible re-work it. Before these parts can replace those 
manufactured conventionally, it is first important to fully understand how the parts 
respond to the post-processing and what changes occur throughout the part. This is the 
main goal of the study, that is, to observe and discuss any changes that occur and connect 
them to the mechanical properties of the same condition.    
 
 First, a build pattern, not observed in literature, was used to construct each part. Parts in 
this as-built condition were then investigated, through the use of optical and scanning 
electron microscopes, hardness testing and electron backscatter diffraction, in order to 
fully characterize the structure. Two different thermal treatments, normally applied to 
Inconel 718, were then implemented and tested mechanically to observe any changes.[1] 
These same treatments were then mechanically treated and tested and the changes were 
observed. The two thermal conditions were then observed using the same techniques as 
the as-built parts to which any transformations were investigated and their causes studied. 
These studies were then related to the mechanical properties measured in order to be able 
to better anticipate and understand the alterations to further implement in future parts.   
All properties were also compared to other additive manufacturing techniques used to 
fabricate Inconel 718 as well as wrought and cast Inconel 718 in order to verify the 
viability of the post-processing treatments as an option.   
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Chapter 2: Background Study and Literature Review 
 
2.1: Process Nomenclature 
 
There are numerous categories to which the mechanism of depositing powder and 
solidifying it with a laser or electron beam in a layer-by-layer fashion belongs. In general, 
the term additive manufacturing is given to this process but other names have been used 
interchangeably, most notable 3-D printing and rapid prototyping.[2] Additive 
manufacturing takes a 3-D computer model and creates horizontal “slices” of the part. It 
is then sent to the building machine in which the respective powder feeding system is 
used in conjugation with the laser or election beam to melt the powder according to the 
established patterns.[2] This method of manufacturing is of interest for a few reasons. It 
allows for the rapid design and production of complex geometries, otherwise requiring an 
extensive amount of additional machining. The process essentially uses only the required 
amount of material to make a part, producing minimal excess and waste.[2] The process 
can also be more cost-effective, depending on the material being used. Aside from 
creating solid 3-D parts, it can also be used as a welding process to join two similar or 
dissimilar materials as well as a cladding process to which a different material is 
deposited onto a substrate that will then be put into service as a whole.[2]   
 
Under this general heading of additive manufacturing falls two main methods in which 
the powder can be solidified: Laser-solid fabrication (LSF) and Electron-beam Melting 
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(EBM). Besides the difference in energy sources, the mechanism of solidification is quite 
different. LSF is performed in an inert atmosphere, usually argon or nitrogen, while EBM 
has to be done in a vacuum and usually at an elevated temperature.[3] EBM technique 
requires a pre-heating step in which a high current beam is scanned rapidly over to areas 
to be melted. This is then followed by a full melt scan where the beam current is lowered 
and the scan speed reduced. In contrast, LSF performs one scan only on the deposited 
powder. The intensity of the electron beam is much greater than the laser’s, which creates 
greater penetrating depths and interactions with previously deposited layers. A slower 
scan speed, coupled with a high intensity beam produces a larger melt pool in EBM than 
that of LSF.[4] This allows for a slower cooling rate, leading to less segregation in metals 
where it is depended on solidification rates.[3]  
 
2.1.1: Types of Deposition: Powder Bed 
 
One type of powder delivery system is by a powder-bed. This process consists of two 
chambers within the argon atmosphere, one containing the powder, the other where the 
part will be made. A roller rakes a layer of powder from the full chamber to other where 
the laser begins to make the part. Once one layer has solidified, the chamber of powder 
will raise while the chamber where the part layer has just been built lowers to accept the 
next layer of powder from the bed and the process is repeated. This type of system allows 
for tighter dimension control, better quality internal geometries and a higher resolution of 
features.[5] A schematic representation of the process, which will be used in this study, is 
5	  
shown in figure 2.1 below.  As of 2014, all such machines are produced outside of the 
United States. 
 
 
Figure 2.1: Schematic of powder bed AM system[5] 
 
2.1.2: Types of Deposition: Powder Feed 
 
The other common type of powder delivery system is powder feed. This system feeds 
powder through a nozzle(s), located above the part or component to be built, as the laser 
induces heat to the area just ahead of the flow of powder. The nozzle(s) can either move 
around on the substrate/previous layers or the nozzle may stationary and the part is then 
moved around the nozzle. This technique is used in cladding or Laser Engineered Net 
Shaping (LENS)/ Direct Metal Depostion (DMD) processes, but can be used to build an 
entirely new structure. [5] A schematic representation is shown in figure 2.2. 
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Figure 2.2: Schematic of powder feed AM system[5] 
 
2.1.3: Types of Deposition: Wire Feed 
 Wire feed systems are similar to that of powder feed systems with substitution of 
powder with wire feedstock. An electron beam is typically only used. This process uses 
nearly 100% of the material and the process that uses this technique is Electron Beam 
Freeforming (EBF), much similar to LENS and DMD. A schematic is shown in figure 
2.3.[6]     
 
  
   Figure 2.3: Schematic of wire-fed AM system (DMD)[6] 
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2.2 History 
 The idea of creating a three-dimensional metallic part in a layer-by-layer fashion 
from a three-dimensional computer drawing was nearly 20 years old in 2005, roughly 30 
years from today.[2] This technique of depositing one layer at a time first dates back to 
1971 in a patent by Pierre Ciraud on its use as a cladding method by laying a “bed” of 
powder on top of a substarate and then applying heat with a laser.  Shortly after in 1977 
Ross Housholder developed a patent for machines similar to those found today but high 
laser costs hindered much of his testing. DTM Corporation discovered his patent, which 
was previous unknown, and licensed it for their use.[7] Taking the next step toward 
commercialization did not come until the middle of the 1980s when 3D Systems was 
founded by Chuck Hull and even then, most of the work only revolved around patents, 
much of which were based mostly on stereolithography processes, which did not involve 
powder materials.  A masters student in 1986 named Carl Deckard of the University of 
Texas took Hull’s technology of layer stereolithography and combined it with the 
technology described in Householder’s patent, allowing him to create a solid part from a 
powder medium by using a laser system. Two other developments were taking place in 
1987 and 1988 by an individual Michael Feygin  and Frank Arcella of Westinghouse 
Electric Corporation, respectfully, which extended this laser building process to metallic-
based powders. 
 The first machines build for commercial use were only capable of forming solid 
parts from polymer-based powders. Both DTM Corporation in 1992 and a German 
company EOS GmbH in1994 manufactured such machines. EOS, on the knowledge of 
their existing polymer-based machines further developed them to form metallic-powder. 
8	  
From there, research had been done to obtain fully dense parts, but the materials suitable 
for the process were limited.[7] The only significant improvements to the machines were 
the laser systems. In 2003, Trumpf developed two machines that fully melted as oppose 
to sintering the powder bed. Today, they still hold the rights to the complete melting of 
powder-in-bed forming of single component metal parts.[2] This is like most of the 
technology in that it is proprietary to the companies who make the machines.      
 
 
2.3: Alloy Inconel 718 
 
  Inconel 718 (IN718) is a nickel-based superalloy with major alloying additions of 
chromium, iron, niobium, molybdenum, aluminum and titanium.[8] The industries served 
by IN 718 are mainly aeronautical, astronautic and nuclear, with a range of usages from 
critical to structural components.[8] This is  IN718 retains much of its strength at high 
temperatures, normally around 600°C. At elevated temperature, in addition to excellent 
oxidation resistance and creep strength. It is a precipitation-hardened alloy by the 
formation of intermatallic  phases, γ’ and γ”. γ’ has a composition of Ni3(Al,Ti) with an 
ordered L12 crystal structure, which is a FCC-type crystal with a lattice parameter of 
0.3561nm for Ni3Al to 0.3568nm for Ni3(Al0.5Ti0.5). γ” is body-centered tetragonal 
precipitate, having an ordered DO22 crystal structure with a composition of Ni3Nb and 
lattice parameters of 0.3624nm(a) and 0.7406nm(c). These precipitates are normally 
present as cuboidal and plate-like morphologies, respectfully.[9] The precipitation of 
secondary phases is not limited to just the two mentioned. Temperature and time at 
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temperature, solidification rate and thermal gradients all play a role in the segregation of 
alloying elements, producing other, unwanted phases. Laves phase is a common 
detrimental phases that develops with a hexagonal crystal structure and with a 
composition (Ni, Cr, Fe)2(Nb,Mo,Ti).These phases deplete necessary elements for 
strengthening precipitates and creates an easier path for cracks to propagate.[10]  Delta 
phase, which is orthorhombic in structure and has the same composition as gamma 
double prime precipitates. This phase is usually found along grain boundaries after 
homogenization and solution heat treatments but can also be within grains coincident 
with the {111} planes.[10]  
  
 
2.4: Consolidation Mechanisms 
 
There exists a complex behavior when forming a three-dimensional solid from nearly 
spherical particles under the influence of a laser beam or electron beam. The forming of 
another solid from already solid particles can occur by many different mechanisms. 
These mechanisms are based upon how the particles bind together, which is separated 
into four categories: solid state sintering (SSS), liquid phase sintering (LPS)/partial 
melting, full melting and chemical induced binding.[11] The focus here will be on partial 
and full melting, as they are the most dominating in the laser forming manufacturing 
process. SSS occurs via diffusion of atoms between two particles that have created a 
“necked” region between them. It is a slow process relative to the scanning speed of the 
laser itself and thus is not desired for use with metallic powders but may be used with 
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ceramics. [11] Chemical induced binding creates a binding mechanism via the reaction of 
the powder with a gas or by using two different materials, either metal/metal, 
ceramic/ceramic or metal/ceramic and causing the formation of a binding compound with 
the heat input from the energy source. An example of the later would the forming of 
copper-based composites by adding titanium and carbon powders. The additional heat 
given off by the formation of titanium carbide allows for the copper to be melted.[11] 
 
2.4.1: Partial Melting 
 
Partial melting, in the context of laser forming, can be conducted with or without a 
distinct binder. A distinct binder can be either in addition to, contained within or coated 
onto the structural component powder. A necked region forms between particles where 
temperature, capillary forces and in some cases gravity provide the driving force for 
consolidation.[11]  The type of binder may be a polymer or another metal with a lower 
melting temperature than the structural powder. It can also be left in the final part or 
extracted out. When the binder is not distinct, is can come from partially melting the 
outer shell of a single phase or alloyed particle or it can come from a powder mixture of 
different metals, some of which have elemental additions to lower the melting 
temperature but are essentially the same as one of the other powders being used, for 
example, phosphorous is added to iron in a Fe-Fe3P-Ni-Cu system to lower the melting 
point of the iron. The problem becomes the temperature and heating times of the laser 
process versus the time required for complete consolidation. Post-processing is usually 
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needed, depending on the final use of the part. SLS machines typically utilize this type of 
consolidation.[11]   
 
2.4.2: Full Melting 
 
Full melting is the complete melting of particles to form a solid structure. This eliminates 
the need for a binder. The scan speeds need to be decreased compared to partial melting, 
adding to the time required to produce a part. Laser powder needs to be greater than that 
for partial melting, increasing the energy usage and cost of the machine. It does however 
produce a closer to fully dense part, thus requiring less or no post-thermal treatments. 
Since the powder particles are in the melt, any instabilities, such as the surface profile of 
where the melt will solidify can hinder the solidification process and the resulting 
microstructure.[11]     
 
 
2.5: Microstructure 
 
The deposition and solidification of powder by way of lasers brings about different types 
of binding mechanisms, which in turn greatly influences the microstructure of the as-built 
part. The final microstructure is therefore controlled by the solidification of the powder 
particles and thus the flow of heat.  Since the laser forming process is a layer-by-layer, or 
more importantly a line-by-line process, the solidification of each pass is critical to the 
product’s final properties and will control any further processing and treatments. 
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Refining the microstructure is essential to obtain similar or exceed mechanical properties 
of wrought and cast Inconel 718 currently used in various industries. To accomplish this 
requires knowledge of the build process, the starting microstructure and how different 
treatments will affect it. The rapid solidification in the direction opposite of the building 
process, resulting from the flow of heat into the previously deposited layer, produces a 
columnar grain structure nearly parallel to the building direction, as seem from the 
micrograph in figure 2.4.[12] The administration of a heat treatment is a tried method to 
strengthen this alloy and its application to laser formed Inconel 718 has been studied. 
[13][14] 
 
Figure 2.4: Etched cross-section of Laser-formed IN718[12] 
Recrystallization must occur to modify the heterogeneous grain structure to  
become more equiaxed, in both the vertical and horizontal directions with respect to the 
building direction. During traditional static recrystallization, the strain energy from 
induced plastic deformation becomes the driving force for the recrystallization of the 
deformed grains.[12] Laser formed parts do not undergo any plastic deformation during 
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the building process, therefore the driving force for recrystallization cannot be strain 
between deformed grains but instead residual thermal stresses the arise between the 
overlapping of melt pools.[16] Thermal residual stress occurs between layers due the 
rapid cooling of subsequent layers on top of each other. These repeated passes, however, 
create an annealing effect on previously deposited material, reducing the overall residual 
thermal stress within those layers.  This annealing effect is also non-uniform. Upon 
heating laser formed Inconel 718 samples, it was discovered that finer grains are 
produced within the overlapping regions between two melt pools while courser grains 
were recrystallized in the interior of each melt pool.[16] This uneven distribution of 
grains is attributed to the annealing effect in the interior of the melt pool from the 
dissipation of heat from the next pass of molten material. This anneal lowers the thermal 
residual stress in the area, which reduces the amount of driving force for recrystallization, 
producing larger grains in this area.[16][17]  
  The static recrystallization temperature of wrought Inconel 718 is known to be 
around 1020°C.[12] Given that the driving force in a laser formed part is much less than 
the energy created upon deforming the material, the required temperature for 
recrystallization is higher, around 1100°C.[16] The inconsistent distribution of grains 
after heat treatment is consequently dependent on how much overlap occurs between 
successive scans. Cao et. al investigated the effect of melt pool overlap rate on 
recrystallization in laser-formed Inconel 718. The dimensions and directions of the as-
deposited columnar grains were first found to be a function of overlap rate. At an overlap 
of 20%, nearly all grains were oriented parallel to the deposition direction and had the 
largest width of four different rates. As the rate increases to 30%, 40% and 50%, their 
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widths and major axis decreases and they become oriented in directions other than 
parallel to the deposition direction. Nucleation for recrystallization occurs first at the 
overlapping region between two melt pools in the case of 20% overlap. As the overlap 
percentage increased, new grains were not only nucleated in the overlapping regions but 
also within the bottom of each melt pool. This is linked back to amount of residual 
thermal stress that arises with each layer, the greater the overlap rate, the higher the 
residual stress within each overlap region between passes and toward the bottom of each 
layer. The distribution of grain sizes is thus affected by the amount of overlap. When the 
overlap rate is low, a more duplex grain structure is produced, having finer grains in the 
overlap area and larger grains in the area between overlaps. Therefore, a more uniform 
and smaller average grain size is produced when the overlap rate is higher, due to a more 
even nucleation of grains from higher thermal residual stress in areas other than 
overlapping sections. The grain sizes can range from 76 microns for a 20% overlap rate 
and 63 micron for a 50% overlap rate after recrystallization. The standard deviation of 
crystallized grain sizes decreases as the overlap percentage increases. This is due to the 
increase in areas possible for recrystallization to occur.[17]  
  
2.5.1: Dendrites 
 
The rapid solidification from the laser forming process introduces dendritic structures 
within the columnar grains, which grow in the direction of the build, opposite to the flow 
of heat. These dendrites were discovered to comprise mainly of a γ matrix (FCC Ni). The 
average spacing between the primary arms of is roughly 5 microns, as reported by [16], 
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but can be as low as 0.5 micron.[18] The core composition is made up of mainly Fe, Cr 
and Ni.[19] The rapid growth of dendrites produces segregation of the other abundant, 
heavier elements that comprise IN718. One of the elements investigated for its 
segregation during the build process is Nb and the formation of eutectic products, 
particularly Laves phases and carbides, and intermatallic secondary phases, mainly γ”. 
This segregation or enrichment of Nb, with respect to the dendrite core, occurs in a few 
different areas and varies upon the flow of heat, which is effected by processing 
parameters and part geometry.[20] The areas that exhibit enrichment are around the 
eutectic phases themselves and between the dendrites, in what is referred to as 
interdendritic regions.  Figure 2.5 shows these regions of interest. The bright globules in 
represent the eutectic precipitates between dendrites with the less-intense white, both 
surrounding and between eutectic precipitates, indicating the Nb rich areas previously 
mentioned. The enrichment of Nb in both areas is attributed to the successive heating 
from the layer-by-layer process and rapid solidification. Therefore, the length to which 
the Nb diffuses from the eutectic products and the phases formed are dependent on the 
amount of reheating and the temperature to which the reheating reaches during the 
building process.[20]  
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Figure 2.5: Eutectic regions (white) and surrounding precipitation (red circle)[20]  
The enrichment of Nb along dendrite boundaries is thought to increase the driving force 
for the nucleation and precipitation of γ” (Ni3Nb).[20] Consequently, the less-intense 
white bands in figure 2.5 are comprised of γ” precipitates. This was confirmed by EDS, 
TEM and STEM experiments plus XRD performed on bulk samples.[20][15] The 
segregation of Nb in these regions increases the solvus temperature for γ” and with the 
highest temperature in a given layer decreasing with each layer deposited on top of it, 
these Nb rich areas experience a local aging process which nucleates γ” within 
interdrendritic sections.[20] Figure 2.6 illustrates what is believed to occur with each 
layer deposition with regard to the forming of eutectic products and Nb segregation. 
Upon the deposition and melting of powder, dendrites grow in the opposite direction of 
heat flow and eutectic products nucleate between these dendrites (a). When the next layer 
is deposited, a high enough temperature is reached in the already solidified layer to cause 
some remelting of eutectic products, causes Nb to diffuse outward around the products 
and toward dendrite cores (b). In the next two or three layers, the temperature in the 
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original layer is not high enough to cause remelting but it is high enough to cause small 
precipitation of γ” in the regions highly rich in Nb, which are the areas right around the 
eutectic products (c). Subsequent layers will introduce heat to the “first” layer, allowing 
the already precipitated γ” to grow and permit the nucleation of small γ” precipitates 
close to the dendrite cores (d). If the temperature gradient is high enough from the layers 
above these few, previously formed γ” precipitates can continue to grow at the same time 
γ” precipitates can start to nucleate within the dendrite core (e and f).[20]  
	  
Figure 2.6: Predicted heating cycle schematic and microstructure evolution over time[20]   
This representation is looking at the effect of adding layers onto one single layer, but this 
is repeated for every layer deposited as the build moves up from the substrate. The 
growth of these precipitates is also inferred to be function of the processing parameters 
and part geometry, mainly the scanning speed and the energy of the laser.      
  
It is important to indicate that some researchers have detected γ’ phase (Ni3Al,Ti) in these 
regions. It is difficult to distinguish between γ” and γ’ phases but in most cases the 
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segregation of Al and Ti was minimal when compared to that of Nb.[21] Mo and Ti are 
also found appearing in interdendritic boundaries as Laves phases and as 
carbides.[20][21] 
 
2.5.2 Parameter Effects 
 
As with any manufacturing process, the parameters used effect the outcome of the final 
part. Dendrite formation has been investigated as function of scan speed, laser powder 
and solidification pattern. When the laser power is low and the scan speed is high, 
columnar, epitaxial dendrites are not kinetically and thermodynamically favorable to 
form. This creates course dendrites where cracking was visible within the primary and 
secondary trunks. This cracking is the effect of high scan speeds with insufficient melt 
temperatures where high residual stresses remain between layers. Decreasing the 
scanning speed, while using the same low power, refines the shape of the dendrite but 
creates clustering. A slower scan speed allows the laser spot to reside over a particular 
area longer thus limiting the speed of heat dissipation, which allows for a columnar 
structure to form with a longer cooling time. However, the melt pool as a whole cools at 
roughly the same rate, causing the clustering. Increasing the laser power will increase the 
melt pool temperature, which also increases the time to solidification. This allows for 
pronounced epitaxial growth and reduces the amount of clustering.[22]      
 The deposition pattern also has an effect on dendrite formation and the 
recrystallized microstructure. Two pattern types investigated are single direction raster 
scanning (SDRS) and cross direction raster scanning (CDRS). During SDRS, each layer 
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is deposited in the same direction. The flow of heat is consistent throughout the build, 
allowing dendrites to grow from one another and columnar grains to form over may 
deposition layers. CDRS deposits each layer perpendicular to the previous. This causes 
the heat flow direction to change accordingly, causing the dendrites to lose their growth 
strength, leading to less epitaxial growth. The alteration in dendrite growth direction is 
dependent upon the deviation between the growth of dendrites in the previous layer and 
the temperature gradient in the layer on top of it.[23] CDRS was also found to lead to a 
more uniform and smaller average grain size/structure upon recrystallization due to a 
more uniform distribution of residual stress with the changing of deposition 
direction.[23][16]  
  
2.6: Texture in Materials  
 
 Polycrystalline materials can orient each crystal within their grains in a particular 
direction. This preferred crystal orientation or texture is influenced by processing of the 
material.[24] Deformation, such as rolling or compression, causes rotation of the crystal 
lattice. The rotation is the result of maintaining crystallographic alignment as dislocations 
glide on certain slip systems from induced strain.[24] The developed texture and its 
intensity is thus based on the deformation type. Textures may also arise with thermal 
processing. This can cause grains to either solidify with an established texture based on 
the ease and stability of particular planes and directions or rearrange by recrystallization 
into a preferred texture. Anisotropic properties are the effect of having textured materials 
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due to the fact that weak directions, such as the <100> are all nearly aligned. This makes 
knowledge regarding texture important when designing with the material. 
 A texture is defined by a family of planes, {hkl}, parallel to the normal plane of a 
sample and the family of directions, <uvw>, parallel to the rolling direction or the 
direction perpendicular to the normal of the sample. This may also be the building 
direction in additive manufactured. In other words, {hkl} and <uvw> are parallel to each 
other. Certain crystal structures are known to form certain textures. FCC metals have a 
few known textures., depending on the process involved. Typically during solidification, 
a cubic texture develops. This texture has the {100} planes parallel to normal and the 
<001> parallel to the rolling direction. A similar Goss texture can also develop. The 
{110} are parallel to the normal instead of the {100}. Rolling FCC-type metals are 
understood to have the ability to take on either a copper, {112}<111>, or brass 
{110}<112> texture. There is also the possibility that only one of the directions within 
the family are oriented in the same direction, leaving the other two free to rotate and take 
on any orientation. This type of texture is referred to as a fiber texture, as it is normally 
seen in drawn wire.[24]   
 
2.6.1: Texture in Additive Manufacturing of Ni-based Alloys 
 
Studies have been performed on some additive manufacturing techniques to determine 
whether a textured microstructure exists using electron backscatter diffraction (EBSD) 
and constructing pole figures. Direct laser fabrication and electron freeform fabrication of 
IN718, both similar in deposition methods of cladding, were shown to exhibit a textured 
21	  
microstructure.[19][25][ Looking at two different build patterns, Dinda [19] observed 
textural differences in the microstructure. One pattern, termed unidirectional, involves 
depositing each line in a layer in the same direction, i.e. the laser is moved from left to 
right, solidifying each layer in the same manner. This particular deposition produces 
dendritic structures at a constant 60° angle from the horizontal from bottom to the top, 
which was also seen in part of the study by Parimi [26]. A <100> fiber texture was 
observed in these builds, indicating that only one of the <100> were perfectly aligned in 
each layer, leaving the other two to rotate. However, using a continuous, back and forth, 
bidirectional build pattern, the grain structure changes. The dendrites, which were at a 
60° angle from the horizontal when using a unidirectional pattern, were instead found to 
be zigzagged, ±45° from the horizontal. This was indicative of changing the resultant 
heat flow from the alternating build, which wants to promote grain growth instead of the 
nucleation of new grains. The primary dendrite arms of one layer grow at the site of the 
secondary arms of the previous layer, since they grow 90° from the primary. The texture 
with this building pattern then becomes cubic, rotated by 45°.[19] The 90° change in 
dendrite direction with each layer produces a similar zigzagging grain pattern, however, 
the orientations of the crystals were nearly the same, having all three <100> directions 
fixed. Changing the laser power can also alter the texture in both the unidirectional and 
bidirectional build patterns.[19]  
 
Electron beam freeforming of IN718, which again uses a wire instead of powder, has also 
shown to develop a texture in directions parallel and perpendicular to the building 
direction using a bidirectional pattern. EBSD maps in the building direction revealed the 
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same equiaxed grains between large columnar grains as seen by Parimi [26]. However, 
the texture was much different in the building direction. Instead of a weak fiber texture, a 
Goss ({110}<001>) texture appeared.[25] This textures orients an <001> direction 
parallel to the  building direction, but rotates the cubic crystal structure so the {110} are 
parallel to the build direction instead of the {100} in the case of a cubic texture.         
 After a homogenization and double age heat treatment (1,190°C/4h+718/8h+620°C/8h), 
the recrystallized microstructure takes on a weak cubic texture, which is typical in 
recrystallized FCC metals.[27] Textures for the  perpendicular direction were not 
reported, only IPFs, which showed more {111} and {101} parallel to the surface. The 
surface in this case being perpendicular to the building direction.[25]        
 
 A more closely related study to the work within this document was performed by 
Kunze [28], where texture was investigated from a selective laser melting (SLM) type 
build on alloy IN738, which is similar to IN718 but with no addition of iron.[28] Kunze 
[28] discovered some of the same texture in both the parallel and perpendicular directions 
as Tayon [25]. A cubic texture was seen in perpendicular sections to the build, which is 
different than Tayon’s [25] study, however, the same Goss texture was observed in 
sections parallel to the build.[28] A high temperature heat treatment 
(1180°C/4h+1120°C/2h+850°C/20h) did not alter the texture.[28] Figure 2.7 shows the 
IPFs in both directions, before and after heat treatment. A more common, recrystallized, 
grain structure after heat treatment was not observed. This is much different than the 
microstructure observed by Tayon [25]  after a similar heat treatment, shown in figure 
2.8.   
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Figure 2.7: EBSD IPF map of IN738 built by selective laser melting in the as-built  
and heat-treated conditions in the direction parallel and perpendicular to the build 
direction[28] 
 
	  
Figure 2.8: EBSD IPF map of electron beam freeformed (EBF) IN718 in the direction parallel to building 
after heat treatment [25]  
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Chapter 3: Experimental Approach 
 
3.1: Experimental Methods  
This chapter lays out the characterization methods and approach to the experiment. The 
experiment developed a foundation from the needs of Hoeganaes Corporation. A macro-
to-micro approach, starting with mechanical properties, was used to characterize Inconel 
718 (IN718) additive manufactured (AM) parts via a powder-bed powder fusion system 
with a laser-based energy source. The effects of standard post-treatments such as hot-
isostatic pressing and shot peening were examined and compared using a combination of 
mechanical testing, optical microscopy (OM), scanning electron microscopy (SEM) 
coupled with orientation image mapping (OIM), a electron backscattered diffraction 
(EBSD) technique and surface profilometry.   
 
3.2: Sample Selection 
Carpenter Technology, located in Reading, Pennsylvania, supplied the IN718 powder to 
the manufacturer used to build test pieces. It was pre-alloyed and solidified using a gas-
atomization technique utilizing argon gas as the solidification agent in order to produce 
spherical particles. IN718 as a material is a very common and widely accepted material 
for use in elevated-temperature applications where high strength and corrosion resistance 
are maintained. Combining a material with these attributes and the sophistication of 
additive manufacturing would reduce IN718 waste and overall time during manufacturing 
and increase the potential for its implementation in areas previously not possible due to 
manufacturing limitations.          
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3.2.1: Powder Characterization 
The chemical composition of the powder was tested by IMR Test Labs in Lansing, New 
York. The weight percent (wt%) of each element present in the powder is given in table 
3.1. The apparent density (AD), tap density, flow, given in table 3.2, and particle size 
distribution, shown in figure 3.1, was conducted at Hoeganaes Corporation in 
Cinnaminson, New Jersey using a SympaTEC analyzer. The flow rate of 16.2 sec/50g is 
an indication that the particles are at least partially spherical but are not perfect. The 
average particle size is 30.8 µm with approximately 90% of particle 45 µm. SEM images 
of the powder depict the shape, figure 3.2, and microstructure, figure 3.3, of the particles. 
They are nearly spherical with occasional satellites. There is also presence of over-melt 
or re-melt on the surface of some particles as well as areas of flat, non-round features. 
The backscattered image of a powder cross-section (figure 3.3) reveals a small internal 
gain structure (~2 µm) from the rapid atomization process.     
 
Table 3.1: Composition of Inconel GA powder (wt%) 
Ni Cr Fe Nb Mo Ti Al Co 
52.49 19.15 18.73 5.06 3.01 0.87 0.51 0.04 
Si Mn C Cu W V O H+N+S+B+P 
<0.002 0.01 0.02 0.02 0.01 0.02 0.02 <0.01 
 
 
Table 3.2: Basic powder characterization 
AD (g/cm³ 3.72 
Tap (g/cm³) 4.88 
Flow (sec/50g 16.2 
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Figure 3.1: Particle size distribution for IN718 powder used for manufacturing  
Figure 3.3: BSE image of IN718 power cross-
section  
Figure 3.2: SE image of IN718 power used for 
manufacturing; inset is higher magnification of 
area  
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3.3: Manufacturing of Test Pieces 
3D Materials Technologies in DeLand, Florida manufactured 92 blank cylinders, 80.0 
mm in height by 12.5 mm in diameter from the powder produced by Carpenter. Each bar 
was built in a direction normal to the substrate in which they are built on, parallel to the 
indecent laser beam, on a 3D Systems ProX 300 Direct Metal Printing (DMP) machine 
using a 500W fiber laser in an argon atmosphere. Other processing parameters used to 
fuse each layer of powder, such as scanning speed, increment between successive build 
layers in the build direction and overlap rate between melt pools in a given layer, are 
proprietary knowledge between the manufacture of the machine and 3D Material 
Technologies and could not be obtained. Table 3.3 shows the weight percent composition 
of manufactured pieces. The pieces did not pick up carbon or oxygen during the build, 
which is expected. These pieces conform to UNS-N-07718 for nickel-chromium 
precipitation hardenable alloy (IN718).         
 
Table 3.3: Composition of manufactured bar (wt%) 
Ni Cr Fe Nb Mo Ti Al Co 
51.74 19.40 19.11 5.03 3.12 0.90 0.53 0.04 
Si Mn C Cu W V O H+N+S+B+P 
<0.01 0.02 0.02 0.02 0.02 0.01 0.02 <0.01 
 
The scanning pattern utilized in these bars is shown in figure 3.4. Within a single layer, 
there exists bidirectional scanning and a change of 90 degrees in scan orientation. The 
solidified layer is seen in figure 3.4 and the dotted lines represent the next layer in the 
build direction. This hatch-style build pattern was carried throughout the bar and was 
done in order to reduce the build up of stress, which can cause distortion in the part. This 
specific pattern is used by 3D Material Technologies but has not previously been the 
focus of any characterization studies on additive manufactured IN718. Both bidirectional 
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and a change in scan orientation 90 degrees to the previous layer in its entirety was 
separately examined by [19] and [23], respectfully. All bars received a stress-relieving 
heat treatment of 980°C for 60 minutes and cooled to room temperature in 30 minutes 
prior to being removed from the substrate in order to reduce the amount of distortion 
created by residual stress from throughout the build.  
 
 
 
 
3.4: Sample Orientation and Preparation 
It is important to establish a coordinate system that will be used as a reference for sample 
orientation relative to the build direction. Figure 3.5 shows the notation that will be used. 
Figure 3.4a shows the reference for longitudinally sectioned samples, whether on a whole 
bar as shown or a tensile and fatigue test bar. These sections have the build direction 
(BD) parallel to the examined surface. Figure 3.4b displays a transverse-cut section and 
its relationship to the build direction, which is normal to the examined surfaces. 
Therefore, any forward reference to a longitudinal section/sample will pertain to the BD-
Figure 3.4: Top view of building pattern; white dotted line denotes 
pattern of next layer next layer 
29	  
Y plane and contain an arrow noting the direction toward the top of the build and, 
inversely, any mention of transverse section/sample will pertain to the X-Y plane and 
show an arrow out of the page, noting the direction of the build toward the top. 
 
 
 
         
	  
Figure 3.5: Schematic of longitudinal cut (a) and transverse cut (b) for OM and EBSD characterization 
 
3.4.1: Post Manufactured Processing 
Post processing techniques typically performed on commercial IN718 were carried out on 
the laser-formed parts. Four different conditions were tested; consisting of two different 
thermal processes and two different mechanically worked processes. Table 3.4 shows a 
sample matrix for the number of test bars that receive each treat type. The grey shading 
indicates conditions that were only mechanically tested by tensile (3 bars) and rotating-
bending fatigue tests (19 bars) while the additional red diagonal shading indicates a 
microstructural analysis was completed to a larger degree for comparison as well ass 
Rockwell C hardness testing. Based on this breakdown, there is a mix of conditions that 
only underwent certain characterization.    
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Table 3.4: Sample matrix for various testing 
 As-Built Heat-
Treatment 
HIP + Heat-
treatment 
Non-Shot 
Peened 2 23 22 
Shot Peened 0 22 22 
 
 
 
3.4.1.1: Heat Treatment, Hot Isostatic Pressing (HIP) and Shot Peening  
The heat-treatment was administered by Bodycote Thermal Processing to an AMS 5662 
standard prior to machining of any test pieces. The heat schedule is as follows: solution 
anneal at 980 °C for a duration of 1 hour,  air cool to room temperature followed by aging 
at 720 °C for a duration of 8 hours then furnace cooled to 620 °C and held for a duration 
of 8 hours and finally air cooled to room temperature. 
 
The hot isostatic pressure treatment was completed by Bodycote IMT with a standard 
cycle they are certified to use on IN718 parts for aerospace applications. This standard 
HIP cycle used for aerospace applications on IN718 components. It employs a thermal 
treatment of 1,180 ± 25 °C at a pressure of 100 ± 2 MPa for a duration of 4 hours in an 
argon atomsphere.  
Shot peening was performed, by Metal Improvements Company, to a standard of AMS 
2430 after machining of test pieces. The parameters used are as follows: 0.006-0.010 
Almen intensity with 100% overlap using 110-230 high strength steel. 
 
All tensile and fatigue test pieces were machined at Laboratory Testing Incorporated 
(LTI), which is a PRI Nadcap accredited company for machining mechanical test 
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specimens, located in Hatfield, Pennsylvania. All tensile bars were manufactured to an 
ASTM E8 standard, having a nominal gage length of 27.0 mm and a diameter of 5.0 mm.       
 
3.4.2: Sample Sectioning and Notation  
Samples used for characterization were cut from either a manufactured bar or a 
mechanical test piece in the corresponding condition. As-built and solution and aged 
(non-shoe peened) samples, for the purpose of microstructure examination with OM, 
SEM and OIM, were sectioned from un-machined bars and without a stress-relief heat 
treatment, for the as-built condition, in both the longitudinal and transverse directions. 
Samples labeled as ‘2’,’4’ and ‘6’ correspond to full-diameter (12.5 mm) transverse 
sections cut at 14.0-15.0 mm intervals from the bottom-to-top of the bar, respectfully. 
Samples labeled ‘3’, ‘5’ and ‘7’ correspond to longitudinal sections between each 
transverse section from bottom-to-top of the bar, respectfully, and have dimensions of 
12.5 mm in width and 14.0-15.0 mm in height. This sectioning technique was chosen in 
order to maximize the surface area to observe and include both longitudinal and 
transverse directions with a limited number of bars. Hardness measurements required 
sectioning of separate bars in order to have a full-length longitudinal sample (85.0 mm) 
and seven (7) transverse surfaces from the other half of the bar, cut at five intervals of 
16.0 mm from the bottom.  
 
Samples examined for microstructure changes in the HIPed condition were sectioned in 
both longitudinal and transverse directions at the end of a bar prior to machining for 
tensile/fatigue testing to conduct hardness testing and from post-tested tensile bars in the 
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overlapping area of the grip and gage for the comparison of changes in the 
microstructure. The use of a tensile bar instead of a whole bar was based on the 
availability of bars manufactured but the area in particular was chosen to ensure the 
smallest amount of plastic deformation that could have occurred during testing. 
 
Fracture surfaces of tensile bars were also sectioned for two types of examination. One 
side of a failed tensile bar was cut perpendicular to the applied load (transverse with 
respect to the sample) 250 mm from the fracture surface for study of fracture elements. 
The other side of the failed bar was sectioned parallel to the direction of applied load 
(longitudinal with respect to the tensile bars) for optical and EBSD measurement to look 
at crystallographic rotation that may have occurred during the test and any failure 
propagation. 
 
All samples were first mounted in a two-part epoxy, with the exception of those to be 
used for hardness measurements, and hand-ground on 250 grit SiC paper on a Buehler 
EcoMet 300 Pro grinder/polisher After grinding, each sample was polished using the 
same equipment on 400, 600, 800 and 1,200 grit SiC paper for 8-12 minutes each. Fine 
polishing was performed using 6, 3 and 1 µm diamond suspension. The final polishing 
stage for all samples was by an automatic vibratory polisher using a 50% by volume 0.02 
µm colloidal silica slurry with water for 1-2 days, depending on the sample size. 
 
3.4.3: Etching 
The observation of dendrites, grain boundaries, melt pool boundaries and precipitates all 
required etching of polished samples. All samples were swabbed with a sterile cotton 
33	  
swab for 4-6 seconds with an etchant of 50 ml hydrochloric (HCl) acid to 2 ml hydrogen 
peroxide (H2O2) , rinsed with distilled water and air dried.  
 
 
3.5: Mechanical Testing 
All mechanical testing was performed at Hoeganeas Corporation. Tensile tests were 
conducted on a Tinius Olsen equipped with an Epsilon Technology extensometer for 
continuous stress-strain measurements. Each test bar was pulled at a strain-rate of 
0.0185/min. Rotational-bending type fatigue testing was carried out using a Fatigue 
Dynamics machine. In order to determine the median fatigue strength, or the strength at 
which a part is 50% likely to fail, a stress-amplitude was first applied that was equivalent 
to 30-35% and 40% of the ultimate tensile strength determined by tensile testing for non-
shot peened and shot peened conditions, respectfully.  
 
3.5.1: Rockwell C Hardness Measurement 
Hardness measurements, based on a Rockwell C scale (HRC) were taken with a Mitutoyo 
ARK-600 using a load of 150 kgf and a diamond cone indenter with a 0.2 mm tip radius. 
Due to the curved surface of the test pieces, a vice with grooved jaws was used to hold 
each for testing. In order to ensure accurate measurements, a piece that was able to stand-
alone was measured, repolished and measured again with the vice and the numbers were 
compared. Measurements on longitudinal sections (as-build and heat treated conditions 
only) were taken at 5.5 mm increments in the middle along the height of the bar and at 
each end for a total of 17 measurement locations, taking three measurements at each. 
Measurements on transverse samples (as-build and heat treated conditions only) were 
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taken on the face toward the top of the build direction on all five samples plus the two 
outer most faces for a total of seven different faces with five different measurement 
locations on each face. Comparing both conditions in this manner allows for an 
evaluation of heat treatment effects and will be correlated with the number of precipitates 
per area. Since a whole bar was not available in the HIPed condition for direct 
comparison, the longitudinal pieces sectioned prior to machining received measurements 
in 15 different locations along their length and 15 different measurement locations on 
transverse sections.             
 
3.6: Microstructure Characterization 
Optical microscopy was utilized as an immediate method in observing changes in the 
internal microstructure between each thermal condition. Images were captured for 
analysis using a SPOT Insight camera attached to a light microscope running SPOT 5.2 
software. Both as-polished and etched samples were observed.   
 
In this work, all SEM characterization was conducted on a Philips XL-30 Schottky Field 
Emission Gun (FEG)-ESEM equipped with an EDAX Energy Dispersive Spectroscopy 
(EDS) system. Secondary electron (SE) and backscattered electron (BSE) analysis was 
performed on various sample types through the study, such as powder-cross sections, 
fracture surfaces and microstructure in both the polished and etched conditions. SEM 
parameters typically used for SE and BSE image capture ranged from 10 kV to 30kV 
with a spot size of 3-5 and an objective lens aperture of 40 or 50 µm. The working 
distance for BSE images was between 9-10 mm while for SE images it varied depending 
on sample size and focus on area of interest.   
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3.6.1: OIM Overview and Method 
An attached EDAX TSL detector was used for OIM data collection and OIM TSL 
Analysis 7 software was used for data interpretation and clean-up. Operating conditions 
for the SEM were set at 30 kV with a spot size of 5 and objective lens aperture of 100 
µm. The working distance was typically 15 mm but did increase to 17 mm, depending on 
the sample position in its mount and the desired location on the sample to be scanned. 
The main purpose of using this technique was to determine grain morphology and for the 
investigation into grain texture and anisotropy that may be brought about as a result of 
the building process and subsequent thermal treatments. Before analysis and extraction of 
data from each scan, a clean-up procedure in the form of grain dilation was established to 
remove and smooth out incorrectly indexed pixels or points. The minimum grain size 
possible was 10 pixels and the grain tolerance angle was 5 degrees. These parameters 
dictate that if a grain,, in which the software depicted as its own grain was comprised of 
less than 10 pixels, it would not be labeled as a grain and therefore the area would be 
absorbed into the surrounding  Likewise, if the misorientation between pixels is greater 
than those around it by 5 degrees, those pixels are portrayed as a grain. Care was taken 
not to alter the original scan so the percentage of pixels cleaned-up did not exceed 5% on 
over 400,000 pixels within a single scan and only increased the confidence index by 1-
2%. The confidence index on all scans before clean-up was not less than 0.55 or 55%. 
The only scans this did not apply to were those on fracture longitudinal cross-sections. 
This is due to the presence of the epoxy mount in the scan area since the scans had to be 
done on the edge of the fractured surface. Clean up on these scans also produced a large 
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percentage of points that were cleaned for the same reason. The microstructure near the 
fracture was carefully monitored to ensure no changes took place after grain dilation.  
 
Grain texture was analyzed by creating orientation distribution functions (ODF) for each 
group of scans. ODFs represent translated crystal rotations in real space to Euler space, 
which is represented as a cube, using a specified set of angles (figure 3.6). For this study, 
Bungle angle notation (φ1,Φ,φ2) was used to translate the rotated crystals back to the 
normal axes of the sample. A given set of angular rotations needed to perform this 
operation correspond to a point within the cube, having axes: φ1=x; Φ=y; φ2=z and 
therefore an orientation and preferred texture in the material, depending on the number of 
crystals rotated with those particular angles, can be represented by points in the 3-D 
space. ODFs are then ‘slices’ taken at 15 degree increments from the cube and displayed 
in 2-D with the Φ angle held constant.  This preferred texture leads to anisotropy 
properties. A harmonic series expansion calculation method with a series rank of 10, a 
Gaussian half-width of 10 and a resolution of 5 degrees was used to create the ODFs for 
each texture analysis.[29]   
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Figure 3.6: Representation of Euler space with corresponding angles; any combination of 
points inside the cube represents an orientation in real space  	  
Scans areas for texture analysis in the as-built, heat-treated and HIP plus heat-treated 
condition were approximately 830 x 810 µm. Collection parameters included 4x4 binning 
and a 1.1 µm step size. Each scan area contained more than 2,500 grains. Edge grains 
were included in all statistics. Scans of fracture cross-sections were taken a different 
length scales for purpose of resolving fine grain features along the fracture surface and 
having a large enough number of grains for texture analysis.    
 
3.6.2: Surface Profilometry 
 
The surface roughness of representative components in each of the four post-processed 
conditions were measured using a NewView 5000 Model 5032 white-light interferometer 
– a non-contact, three-dimensional profilometer – equipped with advanced texture 
analysis software, MetroPro 8.1.3 (Zygo, Middlefield, Connecticut). This technique 
utilizes the constructive and destructive interference of light that is reflected from the 
surface of the sample to make deductions about the sample surface.  
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Samples were placed on the microscope stage and the surface was brought into focus. 
The interference pattern was collected, as the stage height was varied ±50 µm from the 
focus height. Five measurements were made on each sample with an individual area on 
the microscope of 360 x 270 µm2. Each measurement contained over 100,000 points. 
  
All surface plots were then created using MATLab® software in order to both smooth 
areas in the profile that were unable to be detected by the process due to their location 
relative to the incident light and angle to the detector and for the manipulation of all 
graphs to create plots with the same reference scale for comparison.  
 
3.6.3: Supplementary Image Analysis 
OM and SEM images were analyzed using Image J for porosity and precipitate 
measurements, respectfully. Optical micrographs of polished samples in the as-built and 
HIP plus heat treated conditions were observed to compare the effect HIP treatment had 
on porosity compared to the as-built structure. Both longitudinal and transverse directions 
were observed. Etched samples in the heat-treated condition were used for SEM imaging 
of precipitates in order to determine whether there was a homogenous distribution. Both 
analyses used the particle analyzer add-on in the Image J software.   
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Chapter 4: Results 
 
The results of the characterization experiment on AM IN718 parts along with an 
interpretation are enclosed in this chapter. The as-built condition will often be examined 
separately as a baseline to which the other conditions will be compared and the changes 
evaluated where applicable. The approach taken for explanation will be from the macro-
to-micro scale, starting with the parts as a whole and decreasing the scale down to the 
microstructure. Observation of the pieces after building shows no visible or dimensional 
distortion throughout the height of the build. Figure 4.1 is one of bars produced by the 
AM process. The diameter along the build direction is within ±1.5 µm of the nominal 
12.5 µm. Figure 4.2 shows the surface features of bar in figure 4.1. The melted edges 
appears uneven and discontinuous in the circumferential direction. There also appears to 
be small spherical particles, most likely unmelted powder. 
 
	  
Figure 4.5: As-built IN718 cylinder 
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Figure 4.6: Surface of AM bar in figure 4.1 
 
4.1: Mechanical Properties 
The results of tensile testing are shown in figure 4.3 for each of the four conditions 
tested: 1. Solution and double aged (heat treated); 2. HIP plus heat treated; 3. Heat treated 
plus shot peened; 4. HIP plus heat treated plus shot peened. The average tensile strengths 
across all conditions are nearly equal, as seen from figure 4.3a, with the heat treated 
condition yielding the highest value (1380 MPa) and the HIP plus heat treated condition 
having the lowest value (1310 MPa). Perhaps a more important measure of strength when 
using this type of alloy is its yield strength. Figure 4.3b shows the yield strength values 
for each condition. The heat-treated conditions, both non-shot peened and shot peened 
have higher average yield strengths over both HIPed conditions. The HIP plus heat 
treatment produced a higher average elastic modulus over the heat-treated condition 
while both shot peened conditions improved the average elastic modulus over the non-
shot peened conditions. The average elongation is about equal between heat-treated and 
HIP plus heat treated conditions, with the heat treated being slightly higher. Shot peening 
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decreased the average elongation across both conditions. Shot peening in the heat treated 
conditions drastically lowered the average elongation by 5% while shot peening of the 
HIPed plus heat treated condition produced a large standard error (~2.0%) in the 
elongation, which includes the averages of both non-shot peened conditions.    
 
   
 
Figure 4.7: Mechanical properties for each post-fabricated condition; ultimate tensile strength(a), yield           
stress(b), elastic modulus(c) and elongation at failure(d)  
 
Unfortunately, it is important to note that a mix-up occurred when treating the fatigue 
bars with HIPing and shot peening.  S-N curves for the heat treated (solution and aged) 
and HIP plus heat-treated plus shot peened condition are only displayed. Although these 
are the only conditions tested, it does give some idea of effects of post-treatments, such 
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as how well the as-build microstructure with the addition of a standard heat treatment and 
how a microstructure, more related to that which normally receives shot peening, behaves 
under fatigue loads. There is, however, a clear difference between either condition. The 
heat-treated condition has a median fatigue life, that is the stress at which 50% of the 
tests failed, of around 330 MPa. The HIP plus heat-treated plus shot peened condition on 
the other hand yielded a median life of around 550 MPa. This condition also required a 
much higher stress-to-failure (~400 MPa vs. ~600 MPa) at the lowest number of cycles. 
It also increases the endurance limit by at least an order of magnitude, from 106 to 107 
cycles. Even though the sample conditions were mixed up, it does allow for a larger 
sample number in each condition. The linear fit between data points of sample in the 
HIPed plus heat-treated plus shot peened condition show less variation than the heat-
treated samples. They also converge to roughly the same endurance limit, indicating that 
there may be some variability in the as-built parts, which carry over to the heat-treated 
microstructure, but the HIPing process was able to eliminate these effects.   
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Figure 4.8: Stress vs. Number of Cycles (S-N) curves for conditions tested 
 
4.2: Bulk Characterization 
Observation of as-built cross-sections under OM revealed an arrangement of pores 
throughout the height of the build. Figure 4.5 is a representation of the pores found in the 
longitudinal direction and figure 4.6 in the transverse direction of an as-built bar from the 
bottom(a) to the top(e/f). It is important to observe the formation and features of pores 
since they are detrimental to the mechanical integrity of parts and can be an unfortunate 
by-product of additive manufacturing. The average percentage area of pores, calculated 
from a total of three images at each interval of the same magnification (50x), are 
displayed in figure 4.7. The bottom and top of the bar shows a slightly lower percentage 
of porosity in both the longitudinal (~1.0%) and transverse directions (~0.8%) compared 
to the middle portion of the build (~1.6%). The same trend is seen between longitudinal 
and transverse samples from the bottom to top. This suggests sections of spatially equal 
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distribution of pores both throughout the diameter and along the height of the build. The 
total average percentage of pore area is 1.1 ± 0.2%. This number is slightly larger than 
that reported by [26] of 0.8 ± 0.2% using a powder feed-type system with the same laser 
power but with double the average particle size. The administration of a HIP treatment 
decreased the total average percentage porosity to 0.06 ± 0.01% .  
 
 
	  
Figure 4.5: Longitudinal micrographs of as built condition in increased built height from (a) -> (e) 
(arrow indicates build direction) 
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Figure 4.6: Transverse micrographs of as built condition in increased built height from (a) -> (f) 
(arrow indicates build direction) 
 
 
 
 
 
 
 
 
	  
Figure 4.7: Percent of porosity in as-built condition in the longitudinal  
and transverse direction 
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4.2.1: Effect of HIP Treatment on Size, Shape and Angular Distribution of Pores 
 
The pores observed in longitudinal sections, i.e. sections parallel to the building direction, 
show both spherical and elongated shapes. Figure 4.8 is a circularity plot generated from 
the major and minor axis of ellipses fitted to each pore during the analysis. The red line 
indicates a perfect 1:1 ratio of major to minor axis, i.e. a sphere. The majority of pores 
which are spherical in shape are also 70 µm and smaller while the larger-sized pores tend 
to deviate from spherical. Elongated pores generally have a major axis at least double that 
of the minor axis. After the HIPing process, still present are mainly spherical (~5-15 µm 
in diameter) and some elongated pores, smaller than those observed in the as-built 
condition. Figure 4.9 shows a circularity plot from longitudinal sections in the HIPed 
condition. Histograms showing the overall pore size distribution, calculated by tracing 
the perimeter of each pore, reveals the difference between the two conditions. It can be 
concluded from these plots, shown in figure 4.10, that there is evidence of pore closure 
from the HIP treatment since the frequency has decreased dramatically. Yet, a few larger 
pores do still exist. Therefore, HIPing was mainly able to close large spherical and 
irregular pores.   
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Figure 4.8: Circularity plot for pores in the longitudinal direction, as-built condition 	  
	  
Figure 4.9: Circularity plot for pores in the longitudinal direction, post-HIP treatment 
 
This shape distribution may imply two different mechanisms for their development. 
Those nearly spherical in shape come from missing powder particles while those 
elongated in shape come from the build process itself and the solidification of each layer 
atop an already cooled layer.  
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Figure 4.10: Histograms of pore size distributions in the as-built (a and b) and after HIP treatment (c and d) 
 
Observing the location of pores is important to understand how these pores develop. 
From the OM of an etched longitudinal sample in the as-built condition seen in figure 
4.11, the elongated and small, spherically shaped pores and their locations within the 
built are represented. Spherical pores appear to be randomized throughout the build, 
however, the etching of the sample, which reveals the boundaries between melt pools, 
shows the presence of elongated pores along these boundaries. The plot in figure 4.12 
shows the angular distribution, with respect to the horizontal, of the feret diameter, which 
is equal to the major axis of the fitted ellipse, of the same pores depicted above for the as-
built and HIPed conditions. Two different groups of pores are present and are not 
dependent upon the size of the pores.    
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Figure 4.11: Etched micrograph of as-built structure  
 
 
Figure 4.12: Angular deviation of feret diameter (major axis of ellipse) from the 
horizontal (degrees are counter-clockwise)  
 
 
 
4.2.2: Hardness-Rockwell C Scale 
The variation of hardness in both longitudinal and transverse directions in as-built and 
heat-treated conditions is shown in figures 4.13 and 4.14, respectfully. A similar trend is 
seen in the distribution of hardness between the as-built and heat treated conditions. The 
50	  
top portion of the build, from an area just above the middle (#10 and above on graph) 
contains values close to the overall average. The hardness deviates from the total average 
at different locations as the position moves from the center towards the bottom. Although 
these deviations are only 2-3 HRC, this variation may be due to variations in the 
solidification causing slight changes in the microstructure. This will be investigated in the 
next section. The deviations in the heat-treated condition may be due to non-uniform 
distribution of precipitation or simply from the same change in microstructure as in the 
as-build condition. Table 4.1 shows the average hardness for longitudinal and transverse 
directions in the as-built, heat treated and HIP plus heat treated condition. The as-built 
structure produces a higher hardness value parallel to the build direction than 
perpendicular to the build direction. The heat treatment along with the HIP treatment 
produces equal hardness in both directions, with the heat-treated condition creating a 
higher hardness.    
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Figure 4.13: Rockwell C hardness profile for longitudinal and transverse  
directions, as-built condition 
 
	  
Figure 4.14: Rockwell C hardness profile for longitudinal and transverse  
directions post-heat treated 	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Table 4.1: Hardness value for each thermal process, both longitudinal and transverse directions 
 As-built Heat Treated HIP+Heat Treated 
Longitudinal 30 43 37 
Transverse 26 42 37 
  
 
4.3: Microstructure Evolution Study 
 
4.3.1 As-deposited Grain Structure 
  
The as-fabricated grain structure is much different than that observed in the wrought form 
of the same material but similar to that seen in cast (to some extent).[30][31] Periodic, 
arc-shaped boundaries (melt-pools), illustrated by figure 4.15 develop during the building 
process of each layer. The average melt pool width is 202 ±17 µm with a height of 85 ± 
14 µm. The large error in height is clearly due to different shapes of melt pools, some 
deep and more narrow and others shallow and wide. This is related to the scanning speed 
in that a sharper arc arises from a faster scan speed. The melt pools present indicate that 
the scanning speed fluctuates slightly within a given layer of build and through the 
addition of different layers. The average overlap between each pass within a given layer 
is 50 ± 3%. This overlap rate was seen to cause massive part distortion by [17] using a 
laser power five-times that used in this study, with nearly half of the melt pool height and 
a powder feed-type system.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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Figure 4.15: SE SEM image of etched microstructure, as-built condition 
 
Figure 4.16 show the formation of dendrites, which make-up the grain structure. The 
primary dendrite arm spacing (black dashed lines) was measured to be between 0.7 µm 
and 1.0 µm. Using equation 4.1 and material constants a=50 µm (K/s) and b=1/3 for 
nickel-based alloys [18], the solidification rate, ε, was calculated to be 3.6E5 K/s for a 
spacing of 0.7 µm and 1.3E5 for a spacing of 1.0 µm. By observing the dendrite structure 
and the amount of porosity, it was estimated from the study by [22] and [32] the scanning 
speed was between 800-1,000 mm/s.     
        d=a(ε-b)                             (4.1) 
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Figure 4.16: Etched SE SEM image of dendrite formation from building process 
 
 
There are also second phase particles present around the formed dendrites. The black 
arrows indicate the existence of γ’ precipitates while the red arrows indicate globule 
Laves phases. γ’ precipitates due to the additional heating from subsequent build layers, 
which reaches the precipitation temperature for γ’ of around 620°C. The Laves phases are 
precipitated during the building of each layer when niobium, molybdenum and titanium 
are segregated during the rapid formation of dendrites and form compositions of 
(Ni,Cr,Fe)2(Nb,Mo,Ti). The spherical shape of γ’ indicates that its precipitation is in its 
early stages and the heat input does not allow for the transformation of γ’ to more 
coherent-shaped precipitates and thus brings about a greater degree of γ/γ’ mismatch than 
its cuboidal shape seen in the age-hardened condition of wrought IN718.      
  
Low magnification images of etched samples reveal the formation of various dendrite 
structures. Figure 4.17 displays some of the different angular deviations in dendritic 
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growth direction due to the complex dissipation of heat during cooling. The red dotted 
line denotes the boundary between individual layers in the build direction. The epitaxial 
formation of dendrites is seen from both primary and secondary dendrite arms of the 
previous layer. This allows for the development of a columnar grain structure. The center 
dendrites within the melt pools are typically seen to grow from primary dendrites arms 
and grow nearly parallel to the build direction while the surrounding dendrite form        
The origin and implications of these directional changes and growth will be discussed in 
the next chapter.      
      
 
Figure 4.17: SE SEM image of etched microstructure depicting epitaxial dendrite growth 
 
A lower magnification image shows the deviations of growth along the track of layer 
boundaries. Small areas exist, denoted by the black arrow, where the dendrites do not 
flow the same directions as those in the surrounding area. These areas appear in different 
locations within the melt pool but were generally found to occur toward the bottom of the 
pool, near the boundary, to the left and right sides of the middle.    
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Figure 4.18: SE SEM image of etched microstructure depicting dendrite deviation 
 
A backscattered SEM image reinforces the effect of both dendrite growth across multiple 
layers and the mixture of small areas of competing dendrite growth. These effects led to 
elongated grains, seen to comprise of the bulk of the structure, along with smaller, more 
equiaxed grains scattered through out. 
 
Figure 4.19: BSE SEM image of as-built microstructure depicting different grains  
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4.3.1.1 Grain Characterization 
 
EBSD resolved the as-built grain structure in longitudinal and transverse directions for 
samples sectioned according to that in section 3.4.2. Longitudinal sections reveal an 
epitaxial columnar microstructure that developed as a result of the rapid solidification. 
This is demonstrated below in figure 4.20 as inverse pole figures (IPF), where black line 
indicate high angle grain boundaries in the range of 15°-180° of misalignment. Generally, 
these grains are >300 µm long which traverse multiple layers, however, there also exists 
smaller columnar grains between 100 and 250 µm as well as small (<20 µm) nearly-
equiaxed grains.  
  
	  
Figure 4.20: Representative IPF plots from longitudinal sections, increasing distance to top of bar from  
(a)->(c)  
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Looking at the grain structure of transverse sections reveal both the cross-section of 
columnar grains and similar equiaxed grains as seen in figure 4.20. These representative 
sections are presented in figure 4.21. 
  
	  
Figure 4.21: Representative IPF plots from transverse sections, increasing distance to top of bar from (a)->(c) 	  
The grains distribution described for both directions is shown graphically below in figure 
4.22 as a percent area fraction. Nearly 80% of the areas in each longitudinal location 
investigated contain grains 100 µm or less in size, however, the max grain size calculated 
were 227, 250 and 210 µm for samples 3, 5 and 7 (bottom-middle-top), respectfully. The 
average grain size, as expected from figure 4.20, is nearly equal throughout the build 
from the bottom (13 µm (standard deviation of 15 µm)) to the middle (14 µm (standard 
deviation of 15 µm)) to the top (15 µm (standard deviation of 16 µm)). This indicates a 
uniform dissipation of heat as the number of layers increases. This was accomplished by 
rapid solidification within each pass, giving an even thermal gradient.  
 
This is also reinforced by the distribution of grain sizes in the transverse direction, 
displayed in figure 4.22b. The average grain sizes from bottom to top (sample 2, 4 and 6) 
in the transverse direction are 10 µm (standard deviation of 9 µm), 11 µm (standard 
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deviation of 9 µm) and 11 µm(standard deviation of 9 µm), with almost 90% of the grains 
at or below 100 µm and a max grain size of 110 µm.  
   
	  
Figure 4.22: Grain size distribution for as-built longitudinal(a) and transverse direction(b) 
 
4.3.1.2 Texture Analysis 
Orientation Distribution Functions (ODFs) are constructed below for each of the six 
sections denoted in figures 4.20 and 4.21. The strength of texture development is then 
evaluated by observing the multiples of random distribution (MRD). The ODFs, 
corresponding to each of the longitudinal sections observed within the build, (figures 
4.20a-4.20c), indicate two similar textures that developed. The black circles in figure 
4.23 indicate a cubic texture where the [100] direction is parallel to the build direction 
with the (001) planes parallel to the same direction. This orientation therefore sets the 
[001] direction perpendicular to the build direction, i.e. a texture of <100>{001}. Since 
rotation of the φ2 angle is the rotation about the normal direction to the sample surface, 
i.e. in the direction of the build, the high MRD areas at φ2 angles 15°, 30°, 45° and 60° 
imply that there are other grains which possess a fiber texture. In this texture, only one of 
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the <100> directions are fixed while the other two are free to rotate at any angle around 
the fixed direction. This is commonly referred to as a <100> fiber texture. In the case of 
the grains present, this texture develops as a result of only one of the <100> dendrite 
directions aligning with the opposite direction as the flow of heat upon solidification.  
These same textures were observed throughout the height of the build as denoted by the 
ODFs in figure 4.24 and 4.25. The max MRD is nearly equal throughout from the bottom 
to top portions of the build, reinforcing the notion of an even heat flux and consistent 
layering pattern throughout the build.  
	  
Figure 4.23: ODF for longitudinal bottom of build (sample 3); scale is in MRD, 
lines are 15° increments 
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Figure 4.24:	  ODF for longitudinal middle of build (sample 5); scale is in MRD, 
lines are 15° increments 	  	  
	  
Figure 4.25:	  ODF for longitudinal top of build (sample 7); scale is in MRD,  
lines are 15° increments 
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ODFs of transverse sections, figures 4.26-4.28, offer the same textures as those illustrated 
by observing longitudinal sections but from a different perspective with respect to the 
building direction. These textures are as expected since grain orientation is three-
dimensional. The max MRD is faintly different to that of longitudinal samples, however, 
when observing areas indicating either texture, the MRDs are equal in either direction.  
This variation may come from the size of each sample in that the longitudinal samples are 
larger and contain more grains to include in the analysis. Figure 4.29 is a schematic 
representation of the cubic and fiber textures from the perspective of each unit cell that 
comprises the grains examined. These reiterate that the [100] direction is aligned nearly 
parallel with the building direction but more importantly with the flow of heat and, in the 
case of a cubic texture, the [001] direction aligned with the y-axis. In the case of  a <100> 
fiber texture, the same [100] is aligned with the building direction but the other two 
principle directions solidify at any angular deviation from the y-axis, i.e. revolves around 
the [100] direction. When changing the viewing perspective of this texture,     
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Figure 4.26:	  ODF for transverse bottom of build (sample 2); scale is in MRD, 
lines are 15° increments 
 
 
	  
Figure 4.27:	  ODF for transverse middle of build (sample 4); scale is in MRD,  
lines are 15° increments 
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Figure 4.28:	  ODF for transverse top of build (sample 6); scale is in MRD,  
lines are 15° increments 
 
 
 
Figure 4.29:	  Schematic of cubic(a) and <001> fiber(b) texture development  with 
respect to build orientation 
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These ODFs agree with the formation of dendrites seen in figure 4.17. Since the 
formation of dendrites is in the opposite direction as heat flow, texture will also follow 
these directions. The fastest growth direction in FCC metals is the [100] direction and 
will therefore align itself with the growth of dendrites.  
 
4.3.2 Effect of Solution and Aging Treatment  
The heat treatment described in section 3.4.1.1 causes the precipitation of gamma prime 
(γ’), gamma double-prime (γ”), delta (δ) and Laves phases, previously not present in 
property-altering amounts, throughout grain interiors and along grain boundaries. 
Although observation of these precipitates is difficult under SEM resolution, γ’ generally 
has a cuboidal shape while γ” is formed in the shape of disks or platelets.[9][20] The 
previous dendritic structure was replaced by the acicular-shaped δ phase. These needle-
like phases are also present along grain boundaries along with globular Laves phases 
(Ni,Cr,Fe)2(Nb,Mo,Ti) and potentially MC-type carbides. The microstructure appearance 
after heat-treatment is shown in figure 4.30. Figure 4.30a indicates the boundaries 
between existing build layers did not dissolve with the heat treatment used. A dendritic 
structure can also still be seen in this heat-treated condition. The black arrows in figure 
4.30b designate grain boundaries, which are comprised of mainly Laves phase, having a 
chemical composition of (Ni,Cr,Fe)2(Nb,Mo,Ti),  and MC-type carbides. A closer 
observation of the grain structure reveals the previous dendrite structure, inside each 
grain, was replaced by the acicular-shaped δ phase. The average minor dimension of 
these precipitates is 59±2.0 nm, while the average diameter (major axis) is 650±40.2 nm. 
These numbers may be slightly exaggerated due to the etching process; however, they 
differed by only a few nanometers (~ ±8.0 nm) throughout the height of the build. δ 
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precipitates were not only identified by their distinct shape, but also their known 
preferred precipitation coincident with the {111} planes, which are rotated 45 degrees 
from the {100} planes, as the dendrites, from the previous section, were observed to grow 
with the [100] direction parallel to the building direction.  This assembly of precipitates 
has also been reported by [33] and [34] utilizing the same heat treatment schedule on 
SLM-fabricated IN718, producing roughly the same size δ (72 nm thick and 701nm 
long).  The black arrows in figure 4.30c show the existence of the same Laves and MC-
type carbides within grain interiors. The red circles in figure 4.30d denote areas where the 
principle strengthening mechanism, γ”, and γ’ phases precipitate. These areas are notice 
throughout the sample in areas around and between the δ phase.  A transverse section 
(figure 4.31) reveals the same precipitate structure as that seen in the longitudinal 
direction. This reveals and reinforces the even distribution of dendrite formation and 
segregation.  This heat-treatment does not alter the grain structure, as seen from the IPF 
maps in figure 4.32.  
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 Figure 4.30: Etched BS SEM image showing: (a) Existence of melt pool boundaries, (b) Precipitates at 
grain boundaries, (c) Presences of delta (red arrow) and Laves (black arrow) phases within grain interiors 
and (d) Areas where γ’and γ” precipitate between delta phase 
 
Figure 4.31:Section in	  transverse direction of solution and aged sample  
denoting same microstrucutre as longitudinal directions 
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Figure 4.32: IPF for Longitudinal (left) and transverse (right) sections post-heat treatment  
 
4.3.3: Effect of HIP Treatment on Microstructure 
A complete transformation in microstructure occurs after HIP processing at the 
conditions outlined in section 3.4.1.1. OM in Figure 4.33 exposes the change in 
microstructure while an etched electron image in figure 4.34 reveals both precipitation 
along grain boundaries and within grain interiors. The precipitates along grain boundaries 
are δ, Laves and some MC-type carbides. The lighter spots within the grains are γ’ and γ” 
precipitates, similar to the spots observed in the heat-treated condition. The average size 
of δ increased to 2,130±270 nm in diameter, but they possessed the same roughly the 
same thickness. The grains experienced static recrystallization, as a result of the 
temperature and pressure involved through HIPing, and thus annihilated melt pool 
boundaries. HIPing also refined the homogenization of segregated elements, producing a 
more homogeneous, ordered microstructure, normally seen in wrought IN718.[30] A 
similar transformation has been observed  previously by [12], [17], [33], [34], [35], [36] 
and [37]  using heat-treats with temperatures above 1000°C.       
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Figure 4.33: Etched OM micrograph post-HIP plus heat treatment  	  	  
	  
Figure 4.34: BSE image showing post-HIP plus heat-treated  
microstructure and precipitates; inset: close-up view along grain boundary  
 
4.3.3.1: Grain Characterization 
Figure 4.35 displays IPFs for both longitudinal and transverse sections. The black lines 
denote the same high angle grain boundaries as in figure 4.20 and the white line indicate 
sigma 3 special (twin) boundaries. The grains in the longitudinal direction are now 
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equiaxed throughout. The transverse direction appears to have a similar grain structure as 
the longitudinal directions. Twin boundaries, which were not present in the as-built 
microstructure, comprise nearly 60% of all high angle boundaries.    
	  
Figure 4.35: IPF for Longitudinal (left) and transverse (right) sections post-HIP plus heat-treated treatment  
 
 
Figure 4.36 presents the grain size distribution for post-HIPed longitudinal and transverse 
directions. The average grain size, when including twins is 19 µm (standard deviation of 
20 µm)  in the longitudinal and 23 µm (standard deviation of 21 µm) in the transverse 
direction. The maximum grain size measured was 240 µm and 170 µm, respectively. 
When the twins are excluded and only twin related domains are measured, the average 
grain size in both directions is about 56 µm (standard deviation of 52 µm).  
This grain size, with and without twins, is much smaller than that observed by [17], 
having the same percent overlap (50%), after recrystallization but did have the same 
standard deviation. The grain sizes also compares to those typically seen in wrought 
IN718 (24-50 µm).[10] Looking at the larger grains in figure 4.35, twin boundaries 
appear to be forming within, which would split the grains, further reducing the grain size. 
This may be accomplished by increasing the time of the HIP process.    
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Figure 4.36: Grain size distribution for HIP + heat treated condition.  
Longitudinal and transverse directions (w and w/o twins)   
 
4.3.3.2: Texture Analysis 
With the evolution of the microstructure comes an alteration in the texture associated 
with it. Figure 4.37 and figure 4.38 displays the ODFs for longitudinal and transverse 
sections, respectfully, after HIP treatment. These ODFs illustrate the loss of cubic and 
fiber texture developed from the build. This is deduced from the absence of intensities at 
φ2=0° and φ2=90° at φ1=0° & 90° and Φ=0° & Φ=90°. The maximum MRDs are nearly 
one-third that of the as-built condition (2.1 & 2.2). This implies the majority of grains 
were reoriented upon recrystallization, indicating the [100] direction is no longer aligned 
with the building direction, lessening the isotropic effects from the build process. 
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Figure 4.37:	  ODF for longitudinal section in post-HIPed plus heat treated condition;  
scale is in MRD, lines are 15° increments 
 
	  
Figure 4.38:	  ODF for transverse section in post-HIPed plus heat-treated condition;  
scale is in MRD, lines are 15° increments 
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4.5: Surface Roughness 
4.5.1: As-built Surface 
Figure 4.39 gives a view of the surface profile pertaining to a deposited layer. The melt-
tracks are easily distinguishable and show ‘troughs’ created between each pass. There are 
also partially melted particles visible. An attempt was made to obtain a Ra surface 
roughness value as the surface roughness was close to the limit of detectable distance of 
the profiler. The average Ra value was 5.41 ± 0.38 µm, signifying a layer with roughness 
on the same order of metal milling and cutting. Figure 4.40 displays a surface profile plot 
for the area in figure 4.39.  
 
 
Figure 4.39: SEM image of as-deposited surface layer 
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Figure 4.40: Surface profile for surface depicted in figure 4.39  
 
4.5.2: Machined and Shot Peened Surface 
The surface profiles for each of the four conditions mechanically tested are presented in 
figure 4.41. The machined heat treated and HIP plus heat treated conditions, figure 4.34a 
and 4.41c, respectfully, possess a surface finish with an average Ra value of 0.124 ± 
0.010 µm and 0.148 ± 0.013 µm, respectfully. The skewness (Rsk), which is a parameter 
used to describe the distribution of peaks/troughs about the Ra value. Both conditions 
have a negative skewness value, indicating a flat surface with more and/or deeper 
troughs. These values are -1.70 and -0.20 for heat-treated and HIP plus heat treated 
conditions, respectfully. The difference in values stem from the number of pores along 
the surface where the HIP process was sufficient in closing most of the pores present near 
the surface. 
 
Figures 4.41b and 4.41d presents representative surface profiles for heat treated plus shot 
peened and HIP plus heat treated plus shot peened conditions, respectfully. The surfaces 
are drastically different than that observed in the machined condition. The average Ra 
values are 0.864 ± 0.020 µm and 0.838 ± 0.038 µm for figures 4.41b and 4.41d, 
respectfully. Shot peening increased the surface roughness about seven-times that of the 
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machined condition. The skewness of the same conditions are 0.042 and -0.187, 
respectfully. The skewness of heat treated plus shot peened surfaces indicates a random 
distribution of peaks and troughs since the value is close to 0. The skewness of the HIP 
plus heat treated plus shot peened conditions appears to be the same as in the machined 
condition but this value is offset by the many peaks at the surface. 
 
Figure 4.41: Surface profile plots for: (a) Heat-treated, (b) Heat-treated + shot peened, (c) HIP + heat-
treated and (d) HIP + heat-treated + shot peened, conditions  
 
The effect of shot peening can be seen by looking at transverse sections after shot 
peening under OIM observation and creating KAM maps showing the depth of strain 
induced by the process. Figure 4.42 shows these maps for both shot peened conditions. It 
is difficult to measure the effects in the heat treated condition due to the existing strain 
induced from the building process but the estimated depth of shot peening effects is 50 
µm. The effect of shot peening in the HIPed condition is easier to measure as there was 
not prior strain in the sample. This measured distance was roughly 75 µm. The increase in 
depth may be due to the uniform grain structure, which produces a lower hardness. The 
grain structure close to the surface appears to deteriorate across both conditions. 
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Figure 4.42: KAM portraying surface effects from shot peening; heat-treated (left) and HIPed plus heat-treated (right)  	  
4.5.2.1 Statistical Analysis  
An ANOVA analysis using Tukey simulation at a 95% confidence interval was 
conducted to detect any statistical difference between the surface roughness (Ra values) 
effects of all conditions. The p-value from the analysis was 0.00 and therefore the null 
hypothesis of ‘all means are equal’ is rejected. Figure 4.43 shows the difference of means 
and corresponding confidence intervals, calculated from the ANOVA analysis, for a 
comparison of each possible combination to determine statistical differences. The only 
difference exists between non-shot peened and shot peened surfaces. The machining 
process was uniform between both conditions and there was no difference in the surface 
roughness between both conditions.        
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Figure 4.43: ANONA results for mean comparison 
 
It is observed that shot peening produces the same surface roughness between different 
conditions but the penetrating effects are greater, which can lead to an increase in the 
beneficial effects on mechanical properties.   
 
 
 
 
4.4: Tensile Fractography   
 
4.4.1: Solution and Aging Heat Treatment 
An overview of the fracture surface (figure 4.44) reveals a relatively flat topography with 
small shear lips on the outer edge. The small black dots indicate micro pores present from 
the build. Higher magnification SEM images uncover different possible mechanisms that 
led to failure. Figure 4.45 shows a dimpled structure observed across the surface. This 
indicates failure via the coalescence of micro voids. The mixture of equiaxed, shallow 
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dimples and tearing ridges also indicates fracture occurred in both inter- and trans- 
granular modes, although the transgranular fracture largely dominates. There is also 
evidence of partially melted particles in random positions within the fracture surface 
along with areas that are believed to be poorly joined during building as seen in figures 
4.46 and 4.47, respectfully, where cracks are visible and believed to originate from. 
 
 
Figure 4.44: SEM image of fracture surface; heat-treated condition 
 
 
 
Figure 4.45: SEM image of dimples on fracture surface; heat-treated condition 
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Figure 4.46: SEM image of partially melted powder particle; heat-treated condition 	  
 
Figure 4.47: SEM image of un-fussed areas (red arrows); heat-treated condition 
 
4.4.2: HIP plus Solution and Aging 
Figure 4.48 displays a fracture surface after the HIP plus heat treatment. This condition 
appears to produce a rougher topography than those that only received a solution and age 
heat treatment. There was a mixture of intergranular and trangranular (micro-void 
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coalescence). This was deduced from irregular dimples (figure 4.50) and smooth facets 
(figure 4.49) both observed throughout the whole fracture surface. 
      
Figure 4.48: SEM image of fracture surface; HIP+heat-treated condition 	  	  
 
Figure 4.49: SEM image of facets on fracture surface; HIP+heat-treated condition 	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Figure 4.50: SEM image of dimples on fracture surface;  
HIP+heat-treated condition 
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Chapter 5: Discussion 
 
5.1: Microstructural Evolution 
5.1.1: As-built 
The rapid heating and cooling through the previously deposited layers causes a  
directionally solidified microstructure to develop, which is seen from the SEM images 
(section 4.3) and IPFs (section 4.4). The columnar growth, traversing multiple layers, 
occurs from the epitaxial growth of dendrites nucleating on the pre-deposited layers. A 
simple schematic below in figure 5.1 depicts the resultant heat flow (qr) and 
corresponding components (qx,qy and qBD) within any plane or layer of build. The 
components arise in three different directions due to the presences of thermal gradients 
(heat sinks). qx is in opposite direction of the laser scanning path; as the ‘bead’ of molten 
material solidifies or cools behind the laser, heat from beneath the laser can dissipate 
back into these areas. The component qy occurs as one ‘track’ solidifies adjacent to and 
already solid ‘track’ in the x-y plane. Finally, qBD arises from the flow of heat down 
through the previously deposited layers. It is most likely the highest thermal gradient 
because it would be about the same temperature as the inside chamber, depending on how 
big the part it, which produces a greater temperature difference. The angles α and β can 
be used to describe the angle of the resultant heat flow from the horizontal x-y plane and 
vertical build direction, respectively. Dendrites, which make up each grain, will thus form 
in the opposite direction of the resultant heat flow.  
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Figure 5.1: Schematic of resultant heat flows during building process 
 
The resultant heat flow is controlled by three different directions but it is also constantly 
changing within the melt pool itself in three-dimensional space. Figure 5.2 is adapted 
from a study by Shifeng on melt pool boundaries in SLM built 316L stainless steel parts. 
[32] The arrows indicate the direction of dendrite growth. Also denoted are two different 
types of boundaries that exist: vertically between two melt pools (“layer-layer”) and 
between adjacent melt tracks (“track-track”). This can be used to explain the 
development of the observed grain structure. The center portion of the melt pool is 
expected to cool at a slightly different rate as the molten material around it since the 
Gaussian-shaped laser beam produces a faintly higher concentration of energy at its 
center plus the added difference in area in contact with the layer beneath and adjacent to 
the melt track. With the difference in energy, which is spread across multiple power 
particles that make up a single melt pool, there becomes a competition of dendritic 
growth. Since the center is slightly higher in temperature, the thermal gradient is thus 
greater between previously deposited layers and the molten metal, producing a higher 
driving force for solidification. The middle begins the solidification process first and is 
then accompanied by the growth of dendrites surrounding it.  The long (~0.8 mm) 
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columnar grains observed are achieved through the continuation of dendrite growth 
nearly parallel to the laser beam across multiple layer boundaries taking on the same 
crystal orientation. This allowance is in turn accomplished by the distribution of heat 
from the build process (laser beam, scanning speed, layer height increment). The smaller 
columnar and equiaxed grains surrounding and, in some locations, within these columnar 
grains are evidence of these effects. The dendrites nucleated around the center can take 
on or continue the growth of dendrites of previous layers, as is the case with most of the 
small columnar grains observed, or take on a different orientation altogether and thus 
compete to grow along with the major long columnar structures, similar to the 
competition seen in an ingot casting. Reiterating that the solidification process in multi-
dimensional, the small equiaxed grains may arise from this competition where growth is 
impeded by the surrounding dendrite formation or can be cross sections of columnar 
grains that developed behind the laser beam, similar to those observed in transverse 
sections of the build, i.e. observing similar small columnar grains seen in the IPFs, but 
from a different perspective. Any fluctuations in the laser are thus carried over to the final 
microstructure. Further investigation is needed to determine the specific origination of 
these equiaxed structures. However, a simple 3D composite is presented in figure 5.3 to 
aid in the visualization of grain development from the build process involving the above 
growth characteristics.   
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Figure 5.2: Schematic of dendrite formation within and between melt pools[32] 
 
 
 
Figure 5.3: 3D composite of grain formation in as-built structure 
 
Adding to the complexity of formation is the combination of the alternating build patterns 
and large valleys or troughs (~ 30 µm) observed in a given solidified layer by SEM and 
surface roughness characterization (section 4.5.1). This creates areas where the melt 
needs to fill in order to produce a fully dense part. The elongated porosity observed 
throughout the build at angles of about 140° and 40° is brought about by the trapping of 
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argon gas during the build process due to the rapid scanning speed of the laser and the 90 
degree rotation from the previous layer. The idealized schematic below in figure 5.4 
shows where in the build these pores form. Argon gas is believed to be trapped inside 
these pores due the their presence after HIPing. The presences of smaller pores, with a 
major axis between roughly 10-20 µm, after the HIP treatment is due to the pressure 
inside which resists the effects of the HIP heat and pressure. Other shapes of porosity, 
such as small spherical shapes, are developed from a combination of missing or a miss fit 
in powder particles within a layer. 
 
 
Figure 5.4: Schematic representation of possible pore formation during the build process 
 
Many unique studies of AM IN718, as referenced through out this document, have 
reported optical images of the developed microstructure. In a general sense, all have 
developed a columnar grain structure.  
 
5.1.1.1: Texture 
The cubic texture oriented parallel to the build direction along the height of the bar is 
developed as a result of the rapid cooling within a melt pool. The columnar grain 
formation thus occurs with the [100] direction parallel to the flow of heat, as this is the 
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fastest growth direction in materials with a cubic structure. However, to develop a cubic 
texture, the other two principal directions need to be fixed around the [100] direction. 
This is achieved by a uniform flow of heat in all three direction depicted in the schematic 
of figure 5.2. The three directions thus see an equal but rapid thermal gradient, allowing 
the <100> direction to align with the flow of heat. However, there also exits a slight 
[100] fiber texture. This arises from the solidification and growth of only one aligned 
[100] direction parallel to the flow to heat. Grains that posses this type of texture are 
generally observed as the smaller columnar and equiaxed grains around and between the 
long columnar grains due to the need of nucleation of new dendrites around the melt pool 
if they are not continued from the previous layer or from convections currents with the 
molten material that only solidifies the one of [100] direction because these liquid 
perturbations cause uneven flow of heat, leading to slower cooling and time for the 
crystal to rotate about the [100] direction.  
 
These textures have been observed by others within different laser and electron-based 
forming processes and parameters, but have not been reported in the same build type. The 
most common texture discovered was the <100> fiber texture over all powder-based 
types of building, i.e. powder feed and powder bed, but does depend on the parameters 
used. A study by [19] utilizing a power feed system concluded a fiber texture when 
scanning in a single direction but a cubic texture when scanning in a bi-directional (back-
and-forth) across a substrate in a build that was only one pass wide but 16 layers high. 
Another study by [34] featuring a power bed system (SLM), which closely resembles the 
technique used in this study, discovered the same fiber texture. A study by [18] and [28] 
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using the same SLM technique, but with slightly different nickel-based alloys, IN625 and 
IN738, respectfully, present a cubic texture instead. A study involving electron-beam 
freeforming shows a Goss texture, which is slightly different.[25] This may be due to a 
higher melt pool temperature and a deeper penetration of heat from subsequent layers. 
Therefore, the development of texture is not unexpected, as it is observed across many 
different form of additive manufacturing.  The mixture of two textures observed in this 
study are also not unexpected as the build pattern minics, in some ways, and combines 
patterns that were previously known to develop either texture. 
   
5.1.2: Solution and Double Aging Heat Treatment  
IN718 is known to develop an array of different precipitates based on the prior 
microstructure, heat treatment temperature and time and chemical composition.  This heat 
treatment of as-deposited bars creates a distribution of γ’, γ”, δ and various Laves and 
carbide precipitates, arranged in a different manner normally observed from 
implementing the same heat treatment schedule in wrought IN718. A typical 
microstructure for the wrought material, subjected to the same heat treatment, is shown in 
figure 5.5. The majority of grain boundaries are free of precipitates, however, there is still 
a mix of δ, Laves and Nb and Ti carbides present (figure 5.5a). Figure 5.5b reveals small, 
~50 nm in diameter, γ” precipitates contained within grain interiors.  Microsegregation 
during the rapid solidification leads to this different precipitate structure. Since niobium 
is used in and to control the construction of the principal strengthening mechanisms 
(γ’,γ”), as well as other secondary phases, its distribution within grains thus has an effect 
on the precipitates that form. δ typically requires 6-8% niobium to form but can also 
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develop from the transformation of γ” by over aging at temperatures greater than roughly 
700°C.[10][32] The TTT diagram below for IN718 of a similar nominal composition 
(there are multiple variations based on composition) shows the precipitation temperature 
and time of the major phases present.  The solution annealing temperature (980°C), 
according to this TTT diagram, is slightly below the solvus temperature for delta phase, 
which was reported to be around 1010°C for wrought IN718 but higher, around 1100°C, 
for cast IN718, which more closely resembles the as-built structure.[38] At this solution 
temperature for a time period of 1 hour and with the   segregation of niobium within the 
dendrites, δ precipitates are able to form in such a way that mimics the prior dendrite 
structure. The slow diffusion of niobium also adds to this formation, as it does not allow 
for its complete homogenation at the solution temperature used. The high amount of δ 
phase impede the amount of γ’ and, more importantly, γ” precipitates due to δ using 
valuable niobium needed to these necessary phases. The small areas where γ” 
precipitated are believed to contain less than the amount typically seen in the wrought 
form (figure 5.5b). A similar structure could only be obtained in wrought IN718 by over 
aging for time periods greater than 1,000 hours. The precipitated structure also does not 
follow that of as-cast IN718. This is due to the 2-3 orders of magnitude difference in 
solidification rates (~103 °C/s vs. ~105 °C/s-106 °C/s), which allows for prolonged cooling 
times in the castings, permitting larger and slower-to-diffuse elements (Nb, Ti, Fe) to 
disperse more homogeneously than additive manufactured parts, creating more 
macrosegregation rather than microsegregation.[36] This condition, upon similar heat-
treatment, makes it less favorable for the precipitation of δ, since there are lower 
concentrations of niobium.   
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Figure 5.5: Overview of wrought grains after solution and aging heat treatment(a) and a TEM image   of 
γ’ and γ” precipitates of same material(b) [39][40] 
 
 
Figure 5.6: TTT diagram for IN718[38] 
 
 
 
 
 
91	  
 
5.1.3: HIP plus Solution and Double Aging Heat Treatment 
The complete change in microstructure with the addition of a HIP treatment prior to the 
solution and aging treatments was observed in section 4.3.3. The driving force for 
recrystallization is the induced strain from the building process of each layer, as OIM 
allows for calculation of the average misorientation between pixels and their nearest 
neighbors (4th nearest neighbor), which can be related to the amount of strain within and 
between grains. Kernel Average Misorientation Maps (KAM) for the as-built and post-
HIPed conditions are shown in figure 5.7. The as-built microstructure shows a higher 
average misorientation (1.4) when compared to the microstructure after HIPing (0.31). 
This indicates the parts after the HIP treatment were nearly strain-free and signifies that 
the HIP process is capable of relaxing the effects of the building process. Note these 
maps do not represent the same area, however, the same effect was observed throughout 
the height of the build. The grain size and structure resembles that of typical wrought 
IN718 seen in figure 5.5. 
 
	  
Figure 5.7: KAM demonstrating strain in as-built (left) and post-HIPed plus heat treated (right) 
conditions  
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The high temperature and pressure not only changed the grain boundary structure but also 
effected the precipitation of strengthening phases. The HIP treatment created a near fully 
homogenous arrangement of main elements (Al, Ti, Fe, Nb, Mo) and dissolved most 
Laves phases. The greater amount of δ precipitates found along grain boundaries may 
result from the pick-up of niobium by migrating grain boundaries during the 
recrystallization.[36] It may also result from the diffusion of niobium from saturated 
areas areas within the grain to grain boundaries after they became pinned and the 
recrystallization process ceased. Also, δ is known to precipitate at grain boundaries, 
however, the larger grain size reduced the total length of grain boundaries and thus may 
bring about the larger size of δ observed. Although γ’ and γ” are difficult to resolve under 
a SEM, as their diameters are roughly 50-60 nm, these precipitates are believed to be 
roughly the same size after aging (post-HIPed) as typically seen in wrought IN718 (figure 
5.5b).[41][42]     
 
5.2: Effect of Microstructure on Mechanical Properties  
Although the as-built condition was not mechanically tested, the microstructure proves 
vital to the properties of the subsequent conditions tested.  The increase in UTS in all 
conditions over reported values for the as-built condition is as expected due to the 
formation of γ’ and γ” precipitates. Although UTS values differ be only 70 MPa between 
HIPed and not-HIPed conditions, the higher UTS of the HT condition may result from a 
few different, and possibly competing mechanisms. With the large amount of δ 
precipitate observed in this condition, the UTS may be expected to be much lower, due to 
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a lesser amount of γ” precipitates over the HIP+HT condition, since the δ would consume 
valuable niobium. This indicates that the as-built grain structure may have an effect on 
this property. There may be interactions between the fines grains dispersed the elongated 
grain boundaries. The load may be distributed differently than in the HIP+HT condition. 
The high and intermediate UTS and YS values for the HT condition and HIP+HT 
conditions, respectively, results through the interaction of dislocations with the various 
precipitates present at both grain boundaries and grain interiors. The high stacking fault 
energy of Ni (~200 mJ/m2) permits the recombination of partial dislocations upon slip 
due to having a smaller separation once the partials are formed.[43] However, slip itself 
is impeded by coherent γ’and γ”, and dislocations become piled up behind these 
precipitates before they are able to cut through. The similarities between the HT and 
HIP+HT conditions ceases here as the HT condition has another factor leading to its 
higher YS. Since slip in FCC materials occurs on the {111} octahedral planes, their 
motion is hindered by the presence of incoherent δ on the same {111} planes. Dislocation 
motion can also be impeded by Laves phases present. These areas become possible crack 
initiation sites, leading to microvoids and transgranular fracture, as evidence of the 
dimpled fracture surface in figure 4.45. The precipitates at grain boundaries also 
contribute to the strength by obstructing the expansion of grain boundaries and pinning 
dislocations trying to move across the boundary. In contrast, the mixed fracture of the 
HIP+HT condition is produced by cleavage of flat grain boundaries nearly perpendicular 
to the tensile load, originating at δ phase present at grain boundaries, and continuing 
through grain interiors, as evidence from the shallow dimples in figure 4.50.  The 
elongation can also be discussed for the same reasons. The lower elongation over 
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wrought and other AM IN718 (section 5.2.1) may be due to a higher amount of δ 
precipitates. Since the grain size increased upon recrystallization, the amount of grain 
boundaries has decreased and therefore the effects of δ at these boundaries increases, 
which explains the lower elongation observed in the HIP+HT condition. An increase in 
the volume fraction of δ at grain boundaries has been proven to reduce the % elongation 
but have little effect and UTS and YS properties.[39] The drastic increase in the elastic 
modulus between heat treated samples and those that received HIP treatments is 
attributed to the change in texture development, or lack thereof, after the recrystallization 
of the as-built microstructure. The weaker [100] directions, of the FCC crystal, are 
aligned with the tensile direction in the case of heat-treated samples but after the HIP 
treatment, these crystallographic directions are no longer all aligned with the tensile 
direction, reducing the previous isontropic effects. The large error in the elastic modulus 
of the HT condition may result from slight differences in between the manufacturing of 
each part, i.e. variation in the building process.                     
  
Shot peening of samples in the same conditions creates strains of different depths due to 
the change in microstructure, as the HIPed condition is much softer than the HT 
condition. This may have lead to the increase in elastic modulus in the HIPed condition 
while the modulus does not change in the HT condition. The high surface roughness and 
depth of the surface into the part may explain the lower elongation value. As mentioned 
in section 4.5.2, the possibility of surface pores coming through after shot peening, along 
with sharper indents due to the higher hardness, even though the surface roughness is 
statistically equal, may be crack intiation sites along the outer surface, leading to the 
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much lower elongation value (~4.0%), while the elongation of both HIPed conditions are 
nearly equal due to the closure of such surface pores.  
 
 
5.2.1: Comparative Analysis of Mechanical Properties 
Mechanical properties for additive manufactured and conventionally manufactured IN718 
are shown below in table 5.1.  It is important to note the numbers presented for 
comparison are from AM processes involving powder-bed systems, with parts built 
parallel to the build direction, and the values given for the HIP+Soution+Aged condition 
are actually for heat treatments of temperatures around 1,100°C, not from implementing a 
HIP treatment, as no values using both HIP and following solution and double aging 
treatments were reported. The fluctuation in building parameters brings about the range 
in values for each property. Both variations in thermal treatments created parts whose 
strength properties (UTS, YS) proved to be greater than those known for cast material 
and within the values given for wrought material. The solution and aged conditions 
yielded an average elastic modulus slightly below that normally observed for wrought 
IN718 but equal to that of cast IN718. This may be due to the strong cubic texture. 
However, the error in both the non-shot peened and shot peened conditions are within 
either value. The higher elastic modulus observed in the HIP+HT condition may result 
from the addition of pressure, which does a better job of destroying the as-fabricated 
texture than just the use of heat. The % elongation at failure at all conditions tested, is 
conversely lower than the wrought form but about equal to that of cast IN718. The large 
porosity coupled with the discussion above in section 5.2 may explains the difference in 
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the HT condition. Even though the porosity is greatly reduced after the HIP treatment, the 
effects of δ at grain boundaries may be the governing factor. Comparing to other AM 
parts built and tested in the same manner, most of the values coincide with those reported 
in table 5.1, with the exception of  % elongation in the HIP+Solution+Aged condition, 
where as the current study produced parts with a lesser amount of elongation upon 
failure.  The parts produced and submitted to various post-treatments in this study do 
posses improved properties over AM IN718 manufactured via powder-feed systems, 
whether it be a cladding process or a new build altogether, or by a EBF technique 
utilizing similar thermal treatments.[8][25] 
 
      
Table 5.2: Mechanical properties for various conditions, AM and conventional 
 Additive Manufactured Wrought[44][45]  Cast[14][45] 
 As-buil[14][36] Sol.+Aging[14][34] HIP+Sol.+Aging [33][34] 
  
UTS (MPa) 904-1,150 1,371-1,387 1,13-1,371 1,100-1,400 780-1060  
0.2%YS 
(MPa) 572-907 1,084-1,160 1,046-1,186 1,035-1,160 488-900  
E (GPa) 204 201 207 208 198  
%EL 19-26 10-22 12-17 12-21 5-11  
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Chapter 6: Conclusions 
 
The following conclusions and summaries regarding the characterization of AM IN718 
can be drawn from the results and discussions provided in the previous chapters:  
1. The processing parameters, in conjunction with the powder particles used, 
produced parts with high porosity (1.1%). The pores were both spherical and 
elongated in shape. Equal distributions in the longitudinal and transverse 
directions  
2. Hot Isostatic Pressing was able to significantly reduce the amount of porosity 
(0.02%) primarily by closing the larger sized pores. Closing of smaller pores 
becomes harder due to the larger surface energy associated with a smaller radius, 
along with the internal pressure of any trapped argon gas.  
3. The elongated pores develop in areas between melt tracks from the alternating 
layer-by-layer build process as a result of insufficient filling of deep troughs 
brought about from the previously deposited layer 
4. Hardness measurements in the as-deposited condition indicate a directional 
dependence between longitudinal and transverse. This dependence is seen to 
disappear in both the HIP+HT and the HT condition. The HT condition creates a 
much harder part.  
5.  The dissipation of heat and competition of growth between dendrites brings about 
both elongated and smaller, equiaxed, grains in as-built parts. These grains are 
still present after the solution and aging heat treatment. It does, however, evolve 
into a typical microstructure of all equiaxed usually seen in wrought IN718 upon 
HIPing. 
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6. A cubic and <100> fiber texture were produced by the as-fabricated grain 
structure. These textures were previously observed in other AM techniques. The 
HIP treatment was able to recrystallize the microstructure and annihilate both 
textures, leading to a more anisotropic part over the as-built condition. 
7. The solution and aging heat treatment created a precipitate structure not usually 
seen in wrought or cast IN718 that under goes the same heat treatment. The 
solution temperature and niobium segregation lead to the production of δ phase, 
which replaced the previous dendrite structure. γ’ and γ” were seen to precipitate 
in the areas between δ, but are expected to be much smaller than typically seen in 
wrought IN718 since δ consumes valuable niobium. The HIP treatment allowed 
for a more complete homogenization of elements, which led to a more uniform γ’ 
and γ” precipitation in grain interiors. The grain boundaries, however, contain δ 
and Laves phases, of which are larger than those measured in the heat-treated 
condition.      
8. The high UTS and YS in the heat-treated condition are brought about by the 
formation of γ’ and γ” and possibly the as-built grain interactions and the 
presence of δ within grain interiors, respectfully. The δ phase is also believed to 
lead to the low elongation in addition to the high porosity.  
9. The slightly lower UTS of the HIP + HT condition when compared to the HT 
condition is due to greater amount of γ’ and γ” formation, since δ phase is in a 
lesser amount. This lower amount of δ phase coupled with the much larger grain 
size leads to a much lower YS. The low elongation is due to the presence of δ 
phase located at grain boundaries.  
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10.  All of the conditions tested possessed UTS, YS and E that are better than cast 
IN718 and equal to and, in some cased, greater than the those of wrought IN718.  
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Chapter 7: Future Work 
AM is a relatively new process of manufacturing, which brings about the all of the same 
questions that need to answered as the processes it is trying to replace with respect to the 
performance of the material. Some questions have been answered and understood while 
others have not. Therefore, it is important to fully investigate tge parts built via AM in 
order to understand how they behave and can be manipulated in order to better suit and 
even exceed their intended use. Below are a few experiments to both improve the 
discussion of the results presented in this study and to enhance the understanding of 
IN718 as a whole, fabricated by AM.  
7.1: Decoupling of Pressure and Temperature  
The recrystallization and precipitate structure are of course influenced by the temperature 
used during heat treatments. However, in this study both pressure and temperature are 
simultaneously applied during the HIP process. In order to decouple the effects of 
pressure, a simple experiment is proposed to administer a heat treatment at the same 
temperature used for the HIP treatment. The same grain size, precipitate structure and 
texture analysis would be conducted and compared against the results of this study to 
figure out if the use of only heat produces similar results with respect to the 
microstructure.  
           
7.2: Precipitate Control 
The precipitation of secondary phases is key to controlling mechanical properties. 
Considering both the solution and aged and the HIP plus solution and aged conditions, a 
total study, complete with mechanical testing, is proposed to examine the controlling of 
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this precipitation. In order to accomplish this, sample would be subjected to the 
appropriate temperatures in certain time iterations. This would allow for the inspection of 
precipitation, which would then be compared to mechanical properties of the same 
condition.    
 
 
7.3: In situ and Ex situ SEM and TEM   
In situ heating utilizing EBSD would allow for the study of various transformations that 
requires thermal energy to occur, in particular recrystallization and precipitate formation. 
The proposed experiment would observe the recrystallization behavior of the as-built 
grain structure in order to gain a better understanding of where the complete change in 
microstructure originates and how it continues at different temperatures, above ~1020°C, 
and times. This would give a better understanding of the mechanisms causing the change 
in the microstructure, which provides added knowledge of how to tailor the build 
parameters to better control the recrystallized microstructure.  An additional study 
involving EBSD is to serial section both an as-built part and in the recrystallized state in 
order to get a better understanding of the grain formation and transformation in 3D. 
 
Since the main strengthen mechanism is the precipitation of secondary phases, an ex situ 
TEM study is also proposed in order fully study the precipitate structure across all 
conditions (as-built, heat treated and HIP plus heat treated). This would include SAED to 
correctly identify phases and their location of precipitation. Heating could also be 
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completed in situ to observe the formation process and measure their behavior across 
different temperatures and times.   
 
 
7.4: Room and High-temperature Mechanical and Environmental Testing 
Even though the reported strength of as-built parts are lower than those who undergo heat 
treatments capable of precipitating some γ’ and γ”, tensile testing is proposed using the 
same building parameters and pattern in order to get a baseline strength value to 
determine how much the strength increases when the parts are in the aged conditions. 
This would also give an idea of strength of the as-build grain structure, since the same 
structure is carried over to the solution and aged condition.  
 
Since this particular material is used in high temperature applications, mechanical testing 
at elevated temperatures around 650°C is proposed to measure the amount of decrease in 
strength. Creep-rupture tests are also proposed to determine the difference in the life of 
the part in each of the four conditions tested at elevated temperature carrying a certain 
stress. This alloy is also implemented due to its corrosion resistance, therefore both room 
temperature and elevated temperature corrosion tests are proposed accompanied with an 
evaluation of microstructure by SEM/TEM/EBSD.     
 
Proper fatigue tests of the heat-treated plus shot peened and HIP plus shot peened 
conditions in order to develop a better understanding of fatigue properties within each of 
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the four conditions, since these conditions were not tested. This experiment would help to 
decouple and readily observe the effect of shot peening.   
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